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ABSTRACT 
 
Erin Anne Redman: Development of a Microfluidic Capillary Electrophoresis-Mass 
Spectrometry Platform for the Characterization of Biotherapeutic Proteins 
(Under the direction of J. Michael Ramsey) 
 
 
This work describes the development of a mass spectrometry (MS) compatible 
microfluidic capillary electrophoresis (CE) analysis platform capable of characterizing large 
biomolecules. Initial efforts focused on developing a method for performing highly efficient CE 
separations of intact proteins with on-line MS analysis. Surface coating technology was 
optimized for the analysis of intact proteins. The ability to reproducibly generate uniform surface 
coatings for CE separations of biomolecules was paramount to achieving efficient separations of 
these large molecules. The effectiveness of the intact protein coating was demonstrated by 
analyzing whole blood lysate. The microfluidic CE-MS method proved to be a simple and rapid 
way to assess hemoglobin glycation and the results compared well with a commercially available 
technique used to measure glycated hemoglobin. Further application of this technology involved 
characterizing monoclonal antibody (mAb) based biotherapeutics at the intact level. The size and 
complexity of these molecules makes them difficult to analyze at the intact level. It was 
determined that maintaining some of the structural conformation of the mAbs was vital to 
achieving separation of intact variants. Thus, a background electrolyte was optimized to balance 
preserving antibody conformation and maximizing MS signal. In conjunction with the optimized 
surface chemistry, this resulted in the first MS compatible liquid phase separation of intact 
charge variants of mAbs. This technology was then adapted to perform other levels of antibody 
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characterization. Both limited proteolysis and disulfide bond reduction were evaluated for a 
middle-up analysis of mAbs. Analysis of mAb fragments generated through disulfide bond 
reduction resulted in more reliable characterization of the molecules analyzed. Although the 
surface chemistry described in this work was developed for analyzing intact proteins, it has also 
proven effective for analyzing smaller molecules. The technology was used to perform bottom-
up mapping experiments to generate in-depth information about biomolecules. It was determined 
that in many cases the resulting microfluidic CE-MS data was comparable to that achieved 
through LC-MS analysis, but with significantly shorter analysis times. The overall result of this 
work is a single microfluidic CE-MS analysis platform that is capable of rapidly performing 
multiple levels of protein characterization. 
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1 CHAPTER 1: INTRODUCTION 
 
1.1 Project History and Motivation  
In the early 1990s, Professor Ramsey’s group at Oak Ridge National Lab was one of the 
pioneering labs developing microfluidic capillary electrophoresis (CE) technology. Efforts to 
interface this separation technology with mass spectrometry (MS) carried over to the University 
of North Carolina in 2004. The success of this was dependent on creating a reliable device 
design for interfacing with mass spectrometry and then developing surface chemistry to optimize 
separation performance. The basic device design used for the work presented here was developed 
in the late 2000s and was shown to effectively couple the CE separation with electrospray 
ionization (ESI) and mass spectrometry.1 With a successful CE-ESI chip design in place, 
research efforts shifted to creating stable surface chemistries to optimize the performance of the 
CE separation. A gas phase surface treatment strategy depositing a cationic coating on the device 
channels resulted in separation efficiencies that approached the theoretical limit of CE 
separations.2 Subsequent functionalization of this cationic surface with polyethylene glycol 
chains generates the ability to affect the separation resolution by tuning the electroosmotic flow. 
Much of my work focused on further developing one of these polyethylene glycol surface 
coatings to perform CE separations of intact proteins.  
Separating intact proteins can be a very useful approach to analyzing biological systems. 
One of the major challenges associated with performing intact protein separations is that proteins 
exist as a heterogeneous population. These variants are usually due to post translational 
2 
 
modifications (PTMs) that occur in a biological system. Often the modifications do not result in 
a drastic change in net charge or mass so separating the different protein variants is quite 
challenging. Many commonly used analytical techniques are not well suited to this type of 
analysis, or do not always generate sufficient selectivity and specificity. While reversed-phase 
liquid chromatography is regularly employed for a wide range of applications, when used for 
intact protein analysis it suffers from poor reproducibility, carry over, and poor peak shape. 
Extreme measures such as high column temperatures, high pressures, and harsh solvents can 
improve the analysis, but can be detrimental to the proteins.3–5 This limits its effectiveness as a 
technique for separating large biomolecules. CE is particularly well suited for this because its 
separation mechanism is based partly on analyte charge, does not rely on a stationary phase, and 
can generate very high quality separations. Further integration of this separation technique with 
mass spectrometry through electrospray ionization represents an incredibly powerful platform for 
analyzing biomolecules. The following sections outline the principles of CE, the motivation for 
using microfluidic technology to interface CE with mass spectrometry, and its utility in 
analyzing biological samples.  
 
1.2 Theory of Capillary Zone Electrophoresis 
1.2.1  Separation mechanism  
Electrophoresis can be briefly defined as the motion of charged analytes in a liquid when 
exposed to an electric field. The phenomenon of electrophoresis has been exploited in various 
separation techniques such as gel electrophoresis, paper electrophoresis, and isoelectric focusing 
(IEF).6  Perhaps the simplest version of an electrophoretic separation is zone electrophoresis 
where ions are separated in free solution.  However, one of the major problems encountered with 
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this technique is the generation of thermal gradients in the solution due to Joule heating. This 
significantly limits the separation performance by causing band broadening. A solution to this 
problem was not realized until the 1980s when zone electrophoresis was performed in a narrow-
bore glass capillary which proved to dissipate heat more effectively.7–9 Higher voltages could be 
used to increase the separation performance and capillary zone electrophoresis (CZE) was 
demonstrated as an impactful analytical technique. Since then CZE has become an important tool 
in industrial labs as well as research labs.  
The basic experimental set-up for CZE can be very simple and is often amenable to 
customization in labs. As illustrated in Figure 1.1, the technique utilizes a capillary that connects 
inlet and outlet reservoirs containing a buffer solution, a voltage source, and a mode of detection. 
When a potential is applied to the reservoirs an electric field is generated within the capillary. 
Once sample is injected, analyte ions separate according to their electrophoretic mobility. The 
electrophoretic mobility (µEP) of an analyte is a function of the charge on the molecule and its 
hydrodynamic radius, and is described by the following equation6,10,11: 
 
 𝜇𝐸𝑃 =
𝑞
6𝜋𝜂𝑎
 (1.1) 
 
where q is the charge on the molecule, η is the viscosity of the buffer, and a is the hydrodynamic 
radius of the molecule. Thus, the separation mechanism is based on the charge of the analytes in 
addition to their conformation in solution.  
 Another phenomenon that factors into CZE separations is electroosmosis. As illustrated 
in Figure 1.2, an ionic layer forms at the inner wall of the capillary. In the case of a bare silica 
surface, negatively charged silanol groups attract cationic buffer components to form the 
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relatively static Stern layer. A second layer of mobile cations forms above the Stern layer 
creating a positive charge density that dissipates exponentially into the bulk solution. This is 
termed the diffuse layer, and together the Stern layer and diffuse layer are referred to as the 
double layer.6,10,11 When a potential is applied as indicated in Figure 1.2, cations in the diffuse 
layer will migrate toward the cathode. This mass migration of ions generates bulk fluid flow in 
the capillary that is called electroosmotic flow (EOF). The movement of analytes during the 
separation is a function of not only the magnitude of their µEP, but also the magnitude of the EOF 
(µEOF). This is represented as apparent mobility (µapp) and defined as
6,7,10: 
 
 µ𝑎𝑝𝑝 = µ𝐸𝑃 + µEOF (1.2) 
 
Because it affects how analytes migrate during analysis, the EOF magnitude can have significant 
effects on the CE separation. Thus, characterizing and optimizing EOF is an important factor 
during CE method development. 
  
1.2.2 Performance of CE as a separation technique  
A metric for describing the performance of a separation technique is to describe the 
separation efficiency, which is often represented by the number of theoretical plates (N) available 
for separation.9,12 This term is derived from the use of fractionating columns where the number 
of physical plates in the distillation column directly impacted the distillation process; a higher 
number of plates resulted in a better distillation. With current separation technology, N refers to 
a theoretical reaction site within a separating medium rather than a physical entity. N can be 
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determined from a peak in a separation based on the migration time (t) and the variance of the 
peak: 
 
 
𝑁 =
𝑡2
𝜎𝑡
2 (1.3) 
 
where σt2 is the temporal variance of the band.6,13,14  
According to CE theory, analyte diffusion is the only source of band broadening for a 
theoretically optimal CE separation.8,9,12 Therefore, CE should be able to produce very narrow 
analyte bands and, as a result, very high efficiency separations.  According to the Einstein-
Smoluchowski equation,6,11 band broadening in a diffusion limited CE separation can be 
described as: 
 
 𝜎𝑠
2 = 2𝐷𝑡 (1.4) 
 
where σs2 is the spatial variance of the analyte band, D is the molecular diffusion coefficient, and 
t is the migration time of the analyte. An apparent diffusion coefficient (Dapp) can be calculated 
from a peak in a CE separation. After measuring the FWHH of the peak, Equation 1.5 is used to 
calculate the temporal variance:  
 
 
 
𝜎𝑡
2 = (
𝐹𝑊𝐻𝐻
2√2 ln 2
) (1.5) 
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where FWHH is the width of the peak at half its height and σt2 is temporal variance. The 
migration time, velocity, and temporal variance are then used to determined Dapp according to 
Equation 1.6: 
 
where t is the migration time and v is the linear velocity of the analyte. The ratio of Dapp to D can 
be a useful metric for evaluating CE performance which has been defined as Δ:2 
 
 
∆=
𝐷𝑎𝑝𝑝
𝐷
 (1.7) 
 
As compared to using N, the Δ value is more indicative of the actual CE separation performance 
relative to the theoretical optimum as it is independent of variable experimental parameters, such 
as capillary length, applied voltage, and analyte mobility.  For a theoretically optimal CE 
separation, Dapp is equal to the molecular diffusion coefficient of the analyte and the Δ value 
equals 1. Any additional band broadening in the separation would result in a Dapp value greater 
than the molecular diffusion coefficient and a Δ value >1.11,15,16 Some of these sources of band 
broadening include injection broadening, areas of dead volume, analyte adsorption to the 
capillary wall, and poorly applied surface coatings.  
Δ can be related back to N through the following relationship: 
 
 𝑁𝑜𝑝𝑡𝑖𝑚𝑎𝑙 = ∆𝑁𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 (1.8) 
 
 
𝐷𝑎𝑝𝑝 =
𝜎𝑡
2𝑣2
2𝑡
 (1.6) 
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Thus, the optimal separation efficiency is decreased by a factor of 1/Δ when excess band 
broadening is present in the CE system. The following outlines the solutions developed to 
minimize sources of band broadening and achieve near diffusion limited CE separations.  
1.3 Microfluidic platforms for electrophoretic separations  
The first demonstrations of zone electrophoresis separations in microfluidic channels 
occurred little more than 10 years after Jorgenson, et al. first demonstrated CZE, and was 
referred to as “capillary electrophoresis on a chip.”15–22 As with capillaries, the reduced 
dimensions of the microfluidic channels effectively dissipated heat resulting from Joule heating 
and devices could be operated at higher field strengths to improve separation efficiency.17,19,23 
The devices were fabricated from planar silicon or glass substrates and described as micro-total 
analysis systems because they incorporated several functions into the device design including 
injection, separation, and detection.16–18,22,24 This ability to incorporate multiple functional 
elements into the device design is a notable benefit of using a microfluidic platform.  
 
1.3.1 Microfluidic CE-ESI device design  
A typical channel architecture for the microfluidic CE-ESI devices is provided in Figure 
1.3. The devices are fabricated from planar glass substrates using standard photolithography 
techniques and wet chemical etching. This creates a flat, almost rectangular channel cross section 
as compared to the circular cross section of capillaries. This planar channel shape, however, is 
more effective at dissipating heat from Joule heating. Further details about the fabrication 
process can be found in Appendix 1. A completed device is pictured in Figure 1.4a. The device 
design incorporates several functional elements including sample handling, a serpentine 
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separation channel, and an integrated ESI emitter. These elements have all been optimized to 
minimize on-column and extra-column band broadening.  
The functional element for performing sample handling takes the form of a simple 
injection cross. This is a very common strategy used in microfluidics and has been proven 
effective in performing rapid, reproducible injections of narrow sample bands.1,20,23 The speed of 
the injection is a key factor in preserving separation efficiency. For instance, capillary 
electrophoresis systems usually rely on physically moving the inlet of the capillary in and out of 
vials containing buffer and sample. This can result in band broadening because the injected 
sample plug has time to broaden in the capillary via longitudinal diffusion before voltage is re-
applied for the separation. However, with this microfluidic system the time between injection 
and separation is significantly smaller because fluid is being manipulated directly on the device. 
This minimizes distortion of the injection plug and band broadening due to injection. 
The length of the separation channel in Figure 1.3 from the injection cross to the ESI 
emitter is 23 cm. To maintain a small footprint, the channel takes six turns before reaching the 
ESI emitter. The small radius of curvature of these turns can lead to additional band broadening 
from geometric dispersion of the analyte bands. This is sometimes referred to as the racetrack 
effect. Briefly, molecules closer to the internal radius of curvature travel around the curve faster 
than those closer to the exterior radius of curvature. To compensate for this, the turns are 
asymmetrically tapered in width to minimize band broadening contributions from varying path 
lengths around the turn.19,20,23,25 The inset of Figure 1.3 (Asymmetrically tapered turns) shows 
the mask design for the tapered turns. After isotropic etching, the channel width differential 
between the straight channels and the curvature of the turn is 2.8x. Shortly before the ESI 
emitter, the separation channel intersects the pumping channel (Integrated ESI emitter inset). 
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This channel serves to establish bulk fluid flow for sustaining ESI. Additionally, reservoir 4 
contains the terminating electrode to complete the electric circuit for the CZE separation.  
Perhaps the greatest benefit of the microfluidic platform is the ability to directly integrate 
the ESI emitter into the device design. Integrating CZE separations with ESI-MS is not 
straightforward. The interface must supply the necessary potential to generate a field strength for 
the separation while also satisfying conditions for effective ESI. Most importantly it must 
maintain the efficiency of the separation. Fulfilling the first two criteria involves establishing 
electrical contact with the liquid in the capillary. Since the capillary itself is not conductive, the 
electrical connection must be made with some other conductive medium. This could be a metal 
fitting or an electrolyte solution. With inner diameters typically on the order of ≤100 µm making 
these connections is not trivial. The total column volume could easily be less than 10 µL and, 
therefore, any connection to the capillary must be extremely precise to avoid introducing 
significant dead volume.  Strategies for interfacing capillary zone electrophoresis to ESI-MS 
have utilized sheath flow interfaces,26–28 metal coated ESI emitters,29–31 liquid junctions,32 and 
porous tip emitters.33 However many of these suffer from poor stability and short lifetimes, or 
result in extra column band broadening from areas of dead-volume in the interface or dilution 
with the sheath liquid. There are many examples in the literature of using microfluidic CE 
devices with ESI needles or pulled capillary emitter tips glued to the channel terminus.34–37 
While functional, these approaches do not necessarily solve the issues encountered with capillary 
interfaces and also complicate device fabrication.  
An elegant alternative to this utilizes channel architecture and the exterior surface of the 
device to form the ESI emitter.1,38 After the separation channel intersects the pumping channel, it 
terminates at the corner of the device and is open to atmosphere. Bulk fluid flow for establishing 
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ESI can either be generated through an electroosmotic pump or by simply applying a head 
pressure to the pumping reservoir. When voltage is applied to the chip, this channel terminus is 
held at a potential that can be optimized for establishing ESI. Experimentally we have found this 
potential to be optimal at approximately 3.5 kV. A photograph of ESI generated off the corner of 
a microfluidic CE-ESI device is provided in Figure 1.4b. Initial characterization of the integrated 
ESI interface determined that it performs comparably in terms of signal intensity and stability to 
a commercial nanospray emitter powered by a syringe pump.1 Because the channels are 
seamlessly interconnected in the microfluidic platform, the only dead volume associated with 
this interface is the space between the intersection of the separation and pumping channels and 
the exterior surface of the device. This channel segment is typically ≤100 µm in length, which 
equates to a 70 pL or less area of dead volume. This is less than 0.05% of the total column 
volume and does not significantly contribute to band broadening. Thus the seamless 
incorporation of multiple functional elements in the device design through unique channel 
architectures resulted in the development of a highly efficient microfluidic CE-ESI-MS interface.  
 
1.3.2 Injection strategies for microfluidic CE-MS  
A variety of sample injection methods have been developed for microfluidic devices. 
Both electrokinetic and hydrodynamic flow based injection methods are common and have been 
demonstrated for a variety of channel architectures. These include valve-less electrokinetic 
switching,16–18 gated,15,20,23 pinched,39–41 multi tee and offset tee42,43 electrokinetic injections, 
hydrostatic injections,44–46 and off-chip pumping to name a few.22,47–51 The injection schemes 
used most frequently in the Ramsey lab for performing microfluidic CE-MS analysis are gated 
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electrokinetic injections and hydrodynamic flow based injections. Both strategies are utilized in 
the work described in this document and will be briefly discussed here. 
Electrokinetic injections (EK) are performed through electrical manipulation of ions in 
the sample and back ground electrolyte (BGE). As depicted in Figure 1.5a, when voltage is 
applied, ions in the sample migrate from the top reservoir and are diverted to waste to form the 
gate. Analyte ions are injected by balancing the potentials of the side arms, directing the ions into 
the separation channel. A sample plug is formed by switching the electric potentials back to the 
gated position and the analyte ions then separate via zone electrophoresis. The amount injected 
can be varied by simply adjusting the duration for which the voltages remain in the “inject” 
configuration. This injection strategy has the benefit of being able to be performed very rapidly. 
Distortion of the sample plug is minimized so very high separation efficiencies can be achieved. 
One of the limitations of the gated EK injection is that it is biased based on the electrophoretic 
mobility of the analyte ions. For analytes that have very similar mobilities, this bias may not be 
significant enough to affect the analysis, but it becomes more pronounced with more 
heterogeneous samples whose analytes span a wide range of mobilities, such as tryptic digests of 
proteins or small molecule metabolites. Another limitation of the gated EK injection is the 
limited ability to utilize concentration enhancement techniques. Without this capability, CE-MS 
analysis can suffer from poor sensitivity due to the small amounts of sample injected.  
An alternative to the gated EK injection is a hydrodynamic (HD) flow based injection. 
This injection approach relies on pressure driven flow rather than voltage to manipulate sample 
ions. As seen in Figure 1.5b, when pressure is applied to the top and side reservoirs, sample 
solution is forced down the separation channel and to the waste reservoir. Isolation of the sample 
plug is accomplished by applying head pressure to just the top reservoir and then voltage is 
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applied to perform the CZE separation. The amount injected is controlled by increasing the 
duration of the loading step or increasing the pressure used for injection. Because the sample 
plug is delivered through hydrodynamic flow there is no electrophoretic mobility based bias. 
Another significant advantage of HD injections is that they make online sample concentration 
techniques feasible, such as transient isotachophoresis (tITP). 
1.4 Surface Coatings for CE-MS.  
Surface coatings are extremely important for CE analysis to prevent analyte adsorption 
and control the EOF. An issue affecting separation efficiency of CE is adsorption of 
biomolecules to the channel wall through electrostatic and hydrophobic interactions. A common 
approach to assuage this is to use a surface coating.52–55 For CE-MS analysis of biomolecules 
these coatings are often neutral polymers or cationic in nature to prevent analyte adsorption 
through electrostatic repulsion. Polybrene, polyethyleneimine, polyacrylamide, cellulose, 
dextran, poly(vinyl alcohol), and silane based coatings have been reported in the literature for 
use with CE-MS.55–63 However, when compared with theoretical separation performance for CE, 
it can be determined that most separations presented in the literature could be improved several 
fold.2 For instance, a polyacrylamide based coating was recently reported.62 Δ values were 
calculated from the electropherograms and the average Δ was found to be 5.5. This indicates that 
there is significant band broadening in the CE system. If surface coatings are not applied 
uniformly, electroosmosis will be inconsistent throughout the capillary. This creates pressure 
gradients during the CE separation which degrades the separation efficiency through Taylor 
dispersion. Therefore, the ideal surface coating for CE-MS prevents analyte adsorption, is easily 
and reproducibly applied to generate uniform electroosmosis, and will not introduce background 
during MS analysis.  
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1.4.1 Coating technology for microfluidic CE-MS  
Around 2010 the Ramsey group began experimenting with applying surface coatings for 
CE-MS in the gas phase. A method was developed based on previously published work64 to 
deposit cationic aminopropylsilanes (APS) on the microfluidic channel surfaces via chemical 
vapor deposition (CVD). This technique proved to produce highly uniform, dense coatings. APS 
coatings using trifunctional 3-aminopropyltriethoxysilane (APTES) and monofunctional 3-
aminopropyldiisopropylethoxysilane (APDIPES) have generated near diffusion limited 
separations of fluorescent dyes with Δ values of 1.2 and 1.09 for APTES and APDIPES, 
respectively.2 Analyses of peptide and protein standards using an APDIPES coating indicate that 
the APS surface prevents adsorption of biomolecules and maintains separation efficiency. Figure 
1.6 shows the separation of bradykinin, methionine-enkephalin, thymopentin, and angiotensin II, 
four peptides commonly used to characterize the performance of our devices. The average Δ 
value for the peptides is 1.4 with an average efficiency of 6.8x105 plates, and according to 
Equation 1.8 theoretically this could be further improved to 9.5x105 plates. In comparison, most 
CE separations reported in the literature using coatings generate efficiencies below 200,000 
plates for small molecules and in the tens of thousands for intact proteins.54,56 Thus, the gas 
phase APS coating generates superior CE performance for biomolecules.  
A characteristic of these coatings is that there is a high level of EOF. This reduces 
analysis time, but the resulting resolution is often insufficient to separate similar species. For CE 
analysis the resolution between analyte species can be characterized by the following equation7: 
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𝑅𝑠 =  0.177(𝜇𝐸𝑃1 − 𝜇𝐸𝑃2)√
𝑉
?̅?(?̅?𝐸𝑃 + 𝜇𝐸𝑂𝐹)
 (1.9) 
 
where µEP1,2 are the electrophoretic mobilities of the analyte ions, ?̅?𝐸𝑃 is the average 
electrophoretic mobility, µEOF is the EOF magnitude, ?̅? is the average diffusion coefficient of the 
analytes and V is the applied voltage for separation. Based on this equation, Rs is maximized 
when the product µEP and µEOF is 0. However, this results in impractical migration times. An 
alternative approach is to suppress the EOF. The EOF magnitude can be affected by several 
factors including buffer ionic strength and pH, or through the use of buffer additives, such as 
surfactants. However, with CE-MS many of these approaches cannot be utilized due to the need 
to maintain MS compatibility.  
In the Ramsey lab, the approach to reduce the EOF in the separation channel is to use 
surface chemistry rather than modifying the separation buffer so that it can remain simple and 
MS compatible. A novel modification to the APS coating has been developed to achieve EOF 
reduction. The APS coatings are reacted with polyethyleneglycol (PEG) chains as illustrated in 
Figure 1.7. The PEG chains are available in various lengths and terminate with an N-
hydroxysuccinimide (NHS) ester that reacts spontaneously with the primary amine of the APS 
coating, forming an amide bond between the APS and PEG chain. Previous work determined that 
the degree of EOF suppression is dependent on the length of the PEG chain used; the longer the 
chain, the lower the EOF (unpublished data).65  
As mentioned previously, a significant amount of separation resolution is necessary to 
successfully resolve proteins at the intact level since protein variants are often very similar in 
structure and net charge. Thus, as described by Equation 1.9, the EOF should be reduced to 
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maximize the Rs between similar species. Using this strategy, the APS-PEG combination that 
resulted in the highest degree of EOF reduction was chosen to be optimized for intact protein 
separations. The EOF reduction was characterized through microfluidic CE separations of 
fluorescent dyes using laser induced fluorescence (LIF) detection and chips without integrated 
ESI and 3 cm long separation channels. The APS-PEG450 coating was been found to reduce the 
EOF from approximately 9.5x10-4 cm2/Vs to 0.8x10-4 cm2/Vs. However, this coating scheme had 
not yet been successfully applied to microfluidic CE-ESI devices with longer separation 
channels. A modified coating procedure was developed that has successfully been used to coat 
microfluidic CE-ESI devices with separation channel lengths of up to 46 cm. The optimized 
coating procedure can be found in Appendix 2.  
Figure 1.8 compares the separation of a five protein mixture (carbonic anhydrase I, 
hemoglobin, human serum albumin, cytochrome c, and lysozyme) using the APS and the 
optimized APS-PEG450 coating for intact protein separations. It should be noted that due to the 
EOF suppression, the APS-PEG450 separations were performed in reverse polarity in order to 
direct cations into the separation channel. As such, the migration times of the proteins are 
reversed compared to the separations performed with the APS coating. As theorized, suppressing 
the EOF increased the separation resolution by enhancing differences in apparent analyte 
mobility. From the separations in Figure 1.8a and b, a significant improvement in resolution can 
be seen between neighboring peaks. The APS-PEG450 device generated a resolution of 2.9 
between cyt-c (Peak 5) and HSA (Peak 4) while the APS coated device resulted in a resolution of 
1.5. Unresolved Hb species can be detected in the mass spectra of the β-Hb peak from the APS 
separation. As seen in Figure 1.8c the mass spectra of peaks 2a-2c spectrally combine to give the 
spectrum obtained from peak 2 of the APDIPES-based separation, indicating that these are the 
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unresolved charge variants detected in peak 2. Overall, the APS-PEG450 coating resulted in fast, 
highly efficient separations of intact proteins with improved resolution as compared to 
APDIPES. Additionally, as will be discussed later in the text, this low EOF coating has proven 
useful for a variety of analyte molecules ranging in size from large intact proteins to small 
metabolites. 
 
1.5 Protein Biotherapeutics  
Monoclonal antibody (mAb) based biotherapeutics are the specific targets for developing 
an analysis platform capable of performing high efficiency intact protein separations with on-line 
MS analysis. There are several analytical techniques available for separating intact mAb variants, 
but most are not MS compatible which makes identification of the variants difficult. In order to 
be used as a therapeutic agent the mAb must be rigorously characterized in order to ensure 
safety, efficacy, and potency. Post translational modifications can introduce a significant amount 
of heterogeneity in the final product, and it is likely that mixtures of multiple modifications will 
co-exist in finished products that may ultimately increase upon storage or degradation.66–69 
Consequently, it is critical to characterize mAbs at multiple levels (amino acid sequence to intact 
structure) to ensure clinically significant bioactivity, drug effectiveness, and quality.   
Most therapeutic mAbs are γ-immunoglobulins (IgGs) with molecular weights of 
approximately 150 kDa.66,67,70–72 IgGs have the familiar Y shaped structure depicted in Figure 
1.9. This is formed by two light chains (LC) and two heavy chains (HC) at ~25 kDa and ~50 
kDa, respectively. These chains are linked through noncovalent interactions as well as covalent 
disulfide bonds and the arrangement of these chains forms two main regions of the mAb: the 
crystallizable fraction (Fc) and the antigen-binding fraction (Fab).66,67,70,73 IgGs are further 
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classified into four groups (IgG1-4) based on alterations in the Fc domain that typically manifest 
as differences in the pattern of disulfide linkages.67,70,73 IgGs 1, 2 and 4 are commonly used as 
biotherapeutics.  
Throughout cell culture production, purification, and storage, variations in the mAb 
structure can result from modifications at the primary and secondary structure level.72,74  Such 
modifications may include disulfide bond scrambling, glycosylation, deamidation, pyroglutamate 
formation, C-terminal lysine truncation, oxidation, and amino acid 
substitutions/misincorporations, in addition to others. These can potentially impact the 
immunogenic properties of the mAb. Table 1.1 lists several of the common post translational 
modifications discussed in this document along with characteristic mass shifts and the effect on 
the net charge of the biomolecule at acidic pH. mAbs have not only charge heterogeneity, but 
also a significant amount of mass heterogeneity due to glycosylation. Glycosylation is an 
expected modification of antibodies that can significantly impact their immunogenic properties. 
A majority of IgG molecules will be glycosylated at a highly conserved site in the Fc domain. 
Glycosylation in the Fab domain is possible, but is less common.70,75 These structures are often 
represented with colored shapes and letter abbreviations to more easily visualize and discuss the 
glycans. Figure 1.10 provides block diagrams as well as the abbreviations for some common 
glycan structures used throughout this document.  IgG glycans are typically biantennary 
structures with a core fucose (F) residue and branches made up of mannose (M) and N-
acetylhexosamine (GlcNAc) residues with 0, 1, or 2 terminal galactose residues (G).66,67,70,75 The 
addition of sialic acids to the glycan structure is possible although it is relatively uncommon for 
Fc glycans.66  
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1.6 Summary 
The following Chapters detail the use of the microfluidic CE-MS analysis platform for 
separating and analyzing intact proteins in addition to performing multiple levels of mAb 
characterization. Although the characterization of biotherapeutics was the overall goal, initial 
work focused on evaluating the separation quality with smaller blood proteins. From there intact 
mAb separations were investigated and methods developed to characterize the molecules at 
different levels of complexity. The results as a whole demonstrate that the analysis platform 
initially developed just for intact protein separations is capable of protein characterization from 
the peptide to intact level.  
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1.7 Figures and Tables 
 
 
Figure 1.1: Schematic of a basic capillary electrophoresis experimental set-up. An inlet and 
outlet reservoir are required that are connected by a capillary and a high voltage power supply 
(HV). A detection window (green circle) is positioned shortly before the capillary terminates in 
the outlet reservoir. 
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Figure 1.2: Diagram of the electric double layer formed at the wall of the capillary. An ionic 
layer forms at the inner wall of the capillary. For a bare silica surface, negatively charged silanol 
groups attract cationic buffer components to form the static Stern layer. A layer of cations forms 
above the Stern layer creating a positive charge density called the diffuse layer. Together the 
Stern layer and diffuse layer are referred to as the double layer. When a voltage is applied as 
cations in the diffuse layer migrate toward the cathode generating bulk fluid flow called 
electroosmotic flow (EOF). 
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Figure 1.3: Diagram of the microfluidic CE device with integrated ESI. The insets show enlarged 
views of the turn tapering in the separation channel and the channel junctions that form the 
integrated ESI emitter.  
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Figure 1.4: Photographs of microfluidic CE-ESI devices. a) Photograph of a completed device. 
The final device footprint is comparable to that of a microscope slide. b) Photograph of ESI 
generated off the corner of the device. The spray is visualized with green laser light.  
23 
 
 
Figure 1.5: Injections schemes used in the Ramsey lab for microfluidic CE-MS analysis. Sample 
ions are visualized using Rhodamine 6G. a) Gated electrokinetic injection. Using different 
voltage potentials, the sample is diverted to waste (Gate image). Sample is injected by balancing 
the potentials of the side arms (Inject image) and separated by returning to the gate potentials 
(Gate/Analysis image) . b) Hydrodynamic injections. Solution is manipulated by applying head 
pressure to the solvent reservoirs. The arrows indicate the direction of pressure driven flow. To 
inject sample, a head pressure is applied to the reservoirs containing the sample and BGE (Inject 
image). The sample is then isolated by applying a head pressure to just the reservoir containing 
BGE (Isolate Sample Plug image). Voltage is then applied to perform the separation (Analysis 
image). 
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Figure 1.6: Separation of standard peptides using an APS surface coating. An average Δ value of 
1.4 was achieved with an average efficiency of 680,000 theoretical plates.  Fluorescein (*), 
Methionine enkephalin (1), Bradykinin (2), Angiotensin II (3), Thymopentin (4) 
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Figure 1.7: Reaction scheme for applying PEG reagents to microfluidic CE-ESI devices. The 
APS coating is first applied in the gas phase. The NHS functionalized PEG is reacted with the 
primary amines of the silane reagent in the liquid phase. This results in a covalently bound APS-
PEG coating.  
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Figure 1.8: Comparison between intact protein separations performed with a) an APS coated 
microfluidic CE-ESI device and b) an APS-PEG450 coated microfluidic CE-ESI device. Note that 
the polarity of the separation is reversed for the APS-PEG450 coated devices so the migration 
order of the proteins is also reversed. The protein mixture contained carbonic anhydrase I (1), β-
hemoglobin (2), α-hemoglobin (3), human serum albumin (4) cytochrome c (5) and lysozyme 
(6). c) Comparison between the most abundant charge state in the mass spectra for the 
hemoglobin variants (peak 2 in electropherogram (a) and peaks 2a-2c in electropherogram (b)). 
Mass spectra were generated by manually summing data points across the width of each peak.  
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Figure 1.9: Diagram of an IgG mAb. The structure consists of two identical LCs and HCs 
covalently bound together through disulfide linkages (yellow triangles). The molecule pictured 
here is an IgG-1. Antigen binding occurs in the Fab domain while the Fc region dictates 
important immunogenicity functions of the mAb.  
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Table 1.1: Protein modifications commonly encountered with intact protein analysis 
Modification Monoisotopic Mass Change (Da) Net Charge Change 
C-terminal lysine truncation -128.09496 -1 
Pyroglutamic acid formed from Gln -17.02655 -1 
Disulphide bond formation -2.01565  
Deamidation of Asn and Gln 0.98402 -1 
Methylation 14.01565  
Oxidation of Met 15.99491 variable 
Carboxylation of Asp and Glu 43.98983 -1 
Carboxyamidomethylcysteine (Cam) 
from Cys (iodoacetamide) 
57.02146  
Phosphorylation 79.96633 -1 
Cysteinylation 119.0041  
Deoxyhexoses (Fuc, Rha) 146.05791  
Hexoses (Fru, Gal, Glc, Man) 162.05282 -1 for glycation 
N-acetylhexosamines (GalNAc, 
GlcNAc) 
203.07937  
N-acetylneuraminic acid (Sialic acid, 
NeuAc, NANA, SA) 
291.09542 -1 
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Figure 1.10: Common N-linked glycan structures encountered with IgG based mAbs. Typical 
IgG glycans are biantennary structures constituted from fucose, N-acetylglucosamine, mannose, 
and galactose residues. Sialylation is typically not seen with Fc glycans, but can occur under 
certain cell culture production conditions. 
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2 CHAPTER 2: ANALYSIS OF HEMOGLOBIN GLYCATION USING 
MICROFLUIDIC CAPILLARY ELECTROPHORESIS-MASS SPECTROMETRY 
 
2.1 Introduction 
 Glycated hemoglobin (HbA1c) is characterized by the nonenzymatic addition of a 
glucose moiety to an amino group in the protein structure.1–4 This modification to hemoglobin 
(Hb) is more prevalent when blood glucose levels are elevated; as is often the case with diabetes. 
Due to the lifetime of human erythrocytes (~120 days) HbA1c levels can be used as an indicator 
of long-term glycemic control in diabetic patients and have become essential to the management 
of this condition.1,5 A wide variety of methods are available for measuring HbA1c in the clinical 
setting. Current analysis techniques are typically based on either separation methods or 
immunoassays with optical detection, such as ion exchange high performance liquid 
chromatography (HPLC), boronate affinity HPLC, or immunoturbidimetry.1,5,6  
Several studies have been performed evaluating mass spectrometry as an alternative 
method for assessing Hb glycation.4,7,8 Because a discrete mass is generated for all hemoglobin 
species introduced into the mass spectrometer, it was theorized that this approach may be less 
susceptible to common interferences, such as genetic variants and modifications to amino acid 
side chains under conditions of uremia, aspirin therapy, or improper sample handling.6,9–11 Both 
matrix assisted laser desorption ionization mass spectrometry (MALDI)-MS12–14 and 
electrospray ionization (ESI)-MS9,15–20 were independently evaluated for the direct analysis of 
blood lysates. The levels of glycated Hb calculated from the mass spectra using both ionization 
methods were found to correlate well with HbA1c levels measured using established techniques. 
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These studies established mass spectrometry as a potential method for assessing Hb glycation, 
but the technique has not been adopted clinically due to the high cost of instrumentation and the 
need for specially trained technicians. These limitations are, however, becoming less significant 
over time due to the development of small, low cost, and simple to operate mass spectrometers 
which have the potential to make mass spectrometry more accessible to the clinical lab.21–25  
One of the limitations of directly introducing complex mixtures into a mass spectrometer 
is the high resolving power required to adequately characterize analyte ions in the mass domain. 
A strategy to simplify the sample mixture before ESI-MS analysis is to use an in-line separation 
technique. The separation techniques that are currently used in clinics are not compatible with 
ESI-MS due to the high ionic strength buffers needed for the analysis. However, capillary 
electrophoresis (CE) has been demonstrated as an MS-compatible alternative to ion exchange 
HPLC for the separation of protein variants differing in net charge. Previously, CE-MS has been 
used to analyze proteins from human erythrocytes without enzymatic digestion including 
hemoglobin, carbonic anhydrase, and blood protein complexes.26–29 While α-Hb and β-Hb were 
resolved from each other, resolution between glycated forms of Hb was not achieved in the CE 
domain and glycation was not evaluated. 
Performing CE on a microfluidic platform offers several advantages over a capillary 
format because multiple functional elements can be integrated in the design, providing a means 
to perform sample handling, separation, and direct coupling of the CE separation to MS analysis 
with minimal added dead volume.30–32 This results in rapid, highly efficient separations.32 
Recently, this analysis platform has been applied to the separation of peptide fragments for 
hydrogen/deuterium exchange experiments and intact biotherapeutic monoclonal antibodies.33,34  
Described here is a method for assessing Hb glycation in whole blood lysates using microfluidic 
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CE-MS. The analysis is performed under denaturing conditions with minimal sample preparation 
required and is complete in less than 3 minutes. The method is tested by analyzing whole blood 
samples with known HbA1c levels and assessing the correlation between the microfluidic CE-
MS method and the clinical technique. 
 
2.2 Experimental 
2.2.1 Materials and Reagents  
Deionized water was generated with a Nanopure Diamond water purifier (Barnstead 
International, Dubuque, IA). Optima LC/MS grade acetonitrile and acetic acid (99% purity) were 
obtained from Fisher Scientific (Fairlawn, NJ). The silane coating reagent 3-(aminopropyl)di-
isopropyl-ethoxysilane (APDIPES) was purchased from Gelest (Morrisville, PA) and the methyl-
terminated polyethylene glycol n-hydroxy succinimide ester (NHS-PEG450) was purchased from 
Nanocs Inc. (Boston, MA). Trichloro-(1H,1H,2H,2H-perfluorooctyl)-silane was purchased from 
Sigma-Aldrich (St. Louis, MO). Myoglobin, lysozyme, human serum albumin, human 
hemoglobin, and human carbonic anhydrase I were obtained from Sigma-Aldrich (St. Louis, 
MO). HbA1c standard was purchased from BBI Solutions (Cardiff, UK). De-identified blood 
samples were obtained from McLendon Clinical Laboratories (University of North Carolina, 
USA).  
 
2.2.2 Sample Preparation  
Whole blood samples were collected in EDTA-containing tubes and analyzed for HbA1c 
levels using a Vitros 5600 immuno-assay (Ortho Clinical Diagnostics, Inc.). For the 12 samples 
collected, the HbA1c levels ranged between 4.7-12.9 % HbA1c. Samples were stored at 4 ºC 
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until analysis by microfluidic CE-MS. To prepare samples for microfluidic CE-MS analysis, 10 
µL of whole blood was diluted to 1 mL with a 50% acetonitrile 3% acetic acid 47% water 
solution resulting in a 100x dilution of the blood sample. An aliquot of the 100x blood dilution 
stock was diluted an addition 10x with the same solution to achieve a final dilution level of 
1000x. The sample was then filtered using a Costar Spin-X 0.45 µm nylon centrifugal filter 
before loading 100 µL into the reservoir of the microfluidic device. It should be noted that a 
much smaller volume of blood could be used, provided that a final 1000x dilution is achieved.  
 
2.2.3 CE-ESI-MS Device Preparation and Operation  
The APS-PEG450 surface coating described in the introduction was used for this analysis 
and applied according to the procedures in Appendix 2. Bulk fluid flow for sustaining ESI was 
supplied via electroosmotic pumping. 
An aqueous solution of 50/50 acetonitrile/water with 3% acetic acid was used for all 
analyses. CE-ESI devices were operated by applying and controlling voltages as described in 
Appendix 3. For this analysis +20kV and +1.5kV were applied to reservoirs 1 and 4, 
respectively, which resulted in a field strength of approximately 685 V/cm. A pressure based 
injection scheme was used for sample manipulation and injection. The samples were injected for 
3 seconds at 2 psi, which corresponds to an injection volume of ~0.5 nL.  
 
2.2.4 Data Analysis  
MS analysis was performed using a Waters Synapt G2 quadrupole time-of-flight mass 
spectrometer (Waters Corporation, Milford, MA) operated in sensitivity mode with the source at 
105 °C. Data were acquired over a mass range of 500-2500 m/z with a 0.1 s scan time. A mass 
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spectrum was generated for each species by averaging mass scans across the width of the peak at 
its base. Deconvolution of the resulting mass spectra was performed based on maximum entropy 
analysis using the MaxEnt1 deconvolution algorithm in the MassLynx software as described 
previously.33,35–37 The deconvoluted masses were used to identify the protein species. Extracted 
ion (EI) electropherograms were generated by selecting the two most abundant charge state m/z 
values with a 1.0 Da selection window. Peak areas in the EI electropherograms were generated 
through integration in the MassLynx software.  
 
2.3 Results and Discussion 
2.3.1 Analysis of whole blood lysate 
To assess the application of the APS-PEG450 coated devices to more complex biological 
matrices, whole blood lysate was analyzed as a representative real-world sample. Microfluidic 
CE-MS analysis of whole blood lysate samples achieved significantly better separation 
performance than previously described methods.  A representative electropherogram is shown in 
Figure 2.1Figure 2.1 Microfluidic CE-MS separation of whole blood lysate from a patient with a 
5.6% HbA1c. The separation is complete in less than 3 minutes. The inset shows an enlarged 
view of the separation window with identified protein species.. The complete separation finished 
in less than 2.2 minutes, with all protein peaks detected in a migration time window between 1.6 
and 2.2 minutes with an average width at base of 0.8 seconds.  Peaks corresponding to the major 
blood proteins serum albumin and hemoglobin were easily identified by mass. Under these 
analysis conditions, the Hb tetramer dissociates into two alpha and two beta subunits, which are 
separated from each other with a resolution of 1.1. The observed masses for the subunits (15126 
Da and 15867 Da) agree with the expected masses for α-Hb and β-Hb based on linear amino acid 
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sequences: 15126.4 Da and 15867.2 Da, respectively.20 Whole blood contains a wide range of 
protein concentrations and while this method was optimized for Hb analysis, several blood 
proteins of lower abundance were detected, such as carbonic anhydrase I. Not all minor species 
were identified and unidentified proteins are labeled by mass only. To achieve better signal for 
minor blood components additional sample preparation is needed, such as protein concentration 
or hemoglobin and albumin depletion. 
In addition to the main Hb subunit peaks, modified forms of the subunits are detected during 
analysis. These peaks have lower electrophoretic mobilities than the unmodified subunits, 
indicating that the modifications to the protein induce a decrease in net charge. Upon 
deconvolution, the first variant peak was found to have a mass of 16029 Da. This corresponds to 
the mass of glycated β-Hb where a sugar moiety is non-enzymatically attached to the globin 
structure at a primary amine. Although this modification only induces a decrease in net charge of 
1, glycated β-Hb is easily separated from the unmodified β-Hb with a resolution of 1.0. As seen 
in Figure 2.2, generating an extracted ion electropherogram reveals that there is an additional 
isomer of glycated β-Hb that is not fully resolved from the β-Hb peak. Studies have shown that 
glycation of the β-Hb subunit occurs preferentially at the N-terminal valine, but can also occur 
on other amino acid side chains.3,13,17 Due to the relative abundances of the species it was 
hypothesized that the more abundant, slower migrating peak is due to glycation at the N-terminal 
valine (β-HbV1), and the faster migrating, minor peak is due to glycation at a different residue on 
the β-Hb subunit. To confirm this, a HbA1c standard was spiked into a blood sample pre-
determined to have low HbA1c levels (Figure 2.3) and analyzed. The slower migrating glycated 
β-HbV1 peak increased in intensity without a significant increase in the more quickly migrating 
isomer, further suggesting that this species is β-HbV1. Glycation of the α-Hb subunit is also 
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detectable in the mass spectrum of the unmodified subunit at 15288 Da, but is not resolved as a 
separate peak (Figure 2.2c). Although the species is of low abundance, as seen in Figure 2.2a the 
glycated α-Hb is separated from the unmodified subunit with a resolution of 0.4. Current 
methods for measuring HbA1c using optical detection do not provide specific information about 
glycation on the α-Hb. However, with the microfluidic CE-MS method, information about 
glycation on both subunits is simultaneously generated without additional analysis steps.  
Other modifications of β-Hb were observed in addition to glycation. Protein species of masses 
15924 Da, 15909 Da and 16086 Da are detected as minor peaks of lower electrophoretic 
mobility. The 15924 Da and 16086 Da species correspond to a 57 Da increase to the mass of 
unmodified and glycated β-Hb as designated in Figure 2.1. According to literature, a +57 Da 
mass shift can be indicative of the addition of a glyoxal moiety to the protein structure. The 
15909 Da species was identified as acetylated β-Hb by a +42 Da mass shift. Glyoxal is a reactive 
oxoaldehyde that will modify proteins, typically at lysine and arginine residues, and has been 
found to be at increased levels in diabetic patients.4,12,38–40 The reaction of glycated proteins with 
glyoxal and similar compounds forms advanced glycation end products and advanced oxidation 
protein products, which have been linked to the development of complications such as 
nephropathy, retinopathy, neuropathy, and cardiovascular disease.38,41    
 
2.3.2 Measurement of HbA1c Levels  
With the ability to resolve the glycated forms of β-Hb, 12 whole blood samples were 
analyzed using microfluidic CE-MS to assess their %glycated Hb and compared to HbA1c levels 
determined through an immunoassay standard. Because the hemoglobin tetramer dissociates 
under these analysis conditions, glycation on both the alpha and beta subunit can be measured 
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simultaneously. This is information that is not necessarily obtained using methods where the 
tetramer structure is preserved or the technique is targeted to a specific glycation site.1,5 To 
calculate the glycated Hb levels from the microfluidic CE-MS data, extracted ion 
electropherograms were generated for α-Hb, glycated α-Hb, β-Hb, and glycated β-Hb. The areas 
of the peaks were used to calculate the %glycated subunit according to Equations 2.1 and 2.2 
below where A indicates the area of the peak corresponding to the subscript ID. The peak area of 
beta hemoglobin glycated at the N-terminal valine was used to calculate the %glycated β-HbV1. 
 
glycated αHb % =  
Aglycated αHb
AαHb + Aglycated αHb
 × 100 (2.10) 
 
 
glycated βHbV1% =  
Aglycated βHbV1 
AβHb + Aglycated βHbV1 + Aglycated βHb isomer
× 100 (2.11) 
 
A correlation plot was generated for the clinically derived %HbA1c values and %glycated 
subunit values derived using the microfluidic CE-MS method and a linear correlation was 
obtained. As illustrated in Figure 2.4, for %glycated β-Hb a slope of 1.20 and an R2 value of 0.99 
was seen. The amount of %glycated α-Hb also increased linearly as %HbA1c increased, but was 
consistently lower.  
While other studies have evaluated the use of ESI-MS for assessing hemoglobin glycation, they 
did not incorporate a separation step prior to MS analysis.9,18,20 Blood samples were often 
centrifuged and rinsed to remove the serum proteins and other interfering species, such as salts. 
During the microfluidic CE separation other proteins and salt ions are effectively removed from 
the hemoglobin species and do not interfere with ionization or MS analysis. Thus, with this 
43 
 
approach the only sample processing required is dilution and filtration. Additionally, the 
separation prior to MS analysis simplifies the sample entering the mass spectrometer. This 
alleviates some of the resolving requirements of the instrument making it an option to use a mass 
spectrometer with limited resolving capabilities for this analysis.  
 Hemoglobin variants, such as HbAS, HbAC, HbAE, and HbAD, are known to interfere 
with HbA1c measurements.1,6 These variants are characterized by single point mutations in the 
amino acid backbone of the β-Hb subunit, and in the case of variants C, E, and D can alter the 
net charge of the subunit by +1 or +2, and the mass by 1 Da. Separation techniques or mass 
spectrometry alone may struggle to detect the presence of these variants. Elevated levels of these 
variants can be misinterpreted as HbA1c peaks with separation techniques that rely on optical 
detection6, and 1 Da differences are challenging to resolve by mass spectrometry without an MS 
instrument with high resolving power. However, uniting these two approaches via microfluidic 
CE-MS provides two means of identification for detecting the presence of the Hb variants: 
changes in electrophoretic mobility due to charge differences and mass shifts due to structural 
modifications. Thus, it is possible that the microfluidic CE-MS method could be optimized so 
that the common Hb variants do not interfere with the measurement of glycated Hb. Additional 
experiments are needed to assess this using blood containing these Hb variants. 
 
2.3.3 Human Serum Albumin Glycation  
As seen in Figure 2.1, human serum albumin (HSA) was clearly detected during the same 
analysis used to quantify Hb glycation. Glycated albumin has also been found to be an 
informative biomarker for diabetes management. The lifetime of albumin is shorter than that of 
erythrocytes, so it can be used to evaluate short-term glycemic control.4,42–44 While the 
44 
 
sensitivity of the mass spectrometer used for this analysis made it difficult to identify glycated 
albumin from the separations optimized for Hb glycation analysis, glycated albumin can be 
assessed using the same method by simply increasing the injection volume.  This overloads the 
Hb peaks causing broadening and loss of resolution, but the HSA signal nearly triples in 
intensity. Thus, both HSA and Hb glycation can be easily assessed by performing back-to-back 
injections of the sample using injection volumes optimized for each biomarker. To demonstrate 
this, the patient samples 2, 4, 8, and 12 were reanalyzed with the injection volume increased 
from 3 seconds to 9 seconds. The spectra associated with the albumin peaks were deconvoluted 
and are provided in Figure 2.5. Although the glycated forms of albumin are not resolved as 
separate species, they can still be detected by a mass shift of 162 Da in the deconvoluted 
spectrum. Glycated albumin species are detected in patient samples 8 and 12, and at trace levels 
for patient sample 4. Interestingly, the greatest amount of albumin glycation was not seen in the 
sample with the highest levels of glycated Hb. Since albumin glycation provides more 
information about glycemic control over the previous 1-2 weeks, this could indicate that the 
patient with greater amounts of albumin glycation experienced a lapse in glycemic control 
shortly before the blood was collected. Thus, measuring both biomarkers simultaneously could 
provide a more complete picture of diabetes management leading up to the blood collection. It is 
possible that a more sensitive MS instrument would allow both biomarkers to be measured using 
the same injection volume. Future work will further explore the use of microfluidic CE-MS for 
simultaneous measurements of HSA and Hb glycation.  
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2.3.4 Integration with Portable Mass Spectrometer  
While mass spectrometry offers several advantages for diagnostics, it is still not a 
routinely used technology in a point-of-care or clinical setting. This can be partly attributed to 
the high cost and level of expertise required to maintain and operate MS instruments, which 
necessitates that they remain in a designated laboratory. Currently in the Ramsey lab, research is 
being performed to miniaturize ion trap based mass spectrometers to create small, simple, and 
portable instruments that can be taken out of the laboratory setting.45–47 Preliminary work in this 
field focused on volatile analytes, but efforts are being made to modify these systems to analyze 
nonvolatile analytes via ESI. Thus, there is the potential for a small, lower cost mass 
spectrometer that could be used in a clinical setting by users with modest expertise. To explore 
this possibility, the microfluidic CE-ESI method for hemoglobin glycation analysis was 
interfaced with an ESI compatible miniature MS prototype system. An image of the prototype is 
provided in Figure 2.6. Figure 2.7a shows the electropherogram generated using the prototype 
MS as a detector for the CE separation. The alpha and beta subunits of hemoglobin are clearly 
visible along with smaller peaks corresponding to glycated beta hemoglobin and another beta 
chain variant. Serum albumin was not detected because it is beyond the current upper limit of 
detectable m/z values for the prototype. The mass spectra for the alpha and beta subunits are 
provided in Figure 2.7b. Although the prototype MS generates only modest mass resolution as 
compared to commercial instruments there are measureable differences between the m/z values 
in the protein envelopes. When these measurements were taken there was not sufficient 
sensitivity to generate a mass spectrum for glycated beta hemoglobin and adequately detect it. 
Nevertheless, these preliminary results interfacing microfluidic CE-ESI with the portable MS 
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prototype for intact protein analysis are promising, and efforts are being made to further optimize 
the prototype system for the analysis of intact proteins. 
 
2.4 Conclusions 
We have demonstrated a rapid and simple method for analyzing hemoglobin and HSA 
glycation in whole blood samples using microfluidic CE-MS. The microfluidic CE separation 
simplifies the sample mixture entering the MS instrument, reducing the potential for ionization 
suppression and the formation of adducts with salts in the sample matrix. Additionally, it lessens 
the resolving requirements for MS analysis providing the option of using an instrument with less 
resolving power than state of the art mass spectrometers. The α-Hb and β-Hb are separated in the 
CE domain with a resolution of 1.1. The glycated forms of the β-Hb are separated from the 
unmodified subunit and can be additionally identified by the 162 Da mass shift characteristic of 
glycation events. Two isomers of glycated β-Hb are visible in an extracted ion electropherogram. 
The slower migrating species was identified as glycation at the N-terminal valine through 
spiking experiments with an HbA1c standard. Glycation of α-Hb is detectable in the mass 
domain though it does not appear as a discrete peak in the CE electropherogram due to its low 
intensity and close proximity to the main alpha Hb peak. Glycation levels for each subunit were 
calculated using peak areas from integrated extracted ion electropherograms. The %glycated β-
HbV1 values correlated favorably with clinically derived %HbA1c levels for all 12 patient 
samples. Glycation of α-Hb was also found to increase linearly with increasing %HbA1c 
although the species was consistently of lower abundance than glycated β-HbV1. Larger injection 
volumes of four samples were analyzed to obtain greater signal intensity for serum albumin. The 
patient samples with elevated levels of glycated Hb also had greater amounts of glycated 
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albumin species.  However, the highest level of albumin glycation did not correspond to the 
highest level of glycated hemoglobin, which could indicate a more recent lapse in glycemic 
control. The ability to measure both Hb and HSA glycation has the potential to provide more 
information about diabetes management in the months leading up to blood collection and both 
can be easily measured using this technique. Preliminary work interfacing this analysis method 
with a portable MS prototype generated very promising results. Although there was not enough 
sensitivity to confidently detect glycated beta hemoglobin at the time of the analysis, further 
optimization of the prototype system should easily resolve this issue. The work presented here 
demonstrates that microfluidic CE-MS could be a useful technique for analyzing hemoglobin 
glycation, and to thoroughly evaluate this method for robustness, a larger population of patient 
sample must be analyzed. 
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2.5 Figures and Tables 
 
Figure 2.1 Microfluidic CE-MS separation of whole blood lysate from a patient with a 5.6% 
HbA1c. The separation is complete in less than 3 minutes. The inset shows an enlarged view of 
the separation window with identified protein species. 
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Figure 2.2: a) Extracted ion electropherogram for glycated and non-glycated α-Hb. b) extracted 
ion electropherogram for glycated and non-glycated β-Hb. c) Mass spectra for hemoglobin 
subunits. The charge states used to generate the extracted ion electropherograms are indicated 
with markers. 
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Figure 2.3: Whole blood sample spiked with HbA1c standard. Only the slower migrating 
glycated β-Hb peak increases after spiking, indicating that it is the glycated β-HbV1 isomer. 
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Figure 2.4: Correlation plot between clinical HbA1c levels and glycated α-Hb and β-Hb 
measured by microfluidic CE-MS. The %glycated β-HbV1 and %glycated α-Hb correlate linearly 
with the %HbA1c values measured clinically. 
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Figure 2.5: Deconvoluted mass spectra for human serum albumin from patient samples 2, 4, 8, 
and 12. The traces are arranged with increasing HbA1c from top to bottom. The patients with 
elevated HbA1c levels also have an increased number of glycated HSA species. However, the 
highest level of albumin glycation did not correspond to the highest level of glycated 
hemoglobin, which could indicate a more recent lapse in glycemic control. Identified glycated 
albumin species are labeled in the spectrum for patient 12. The spectra were offset for viewing 
purposes. 
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Figure 2.6: Photograph of the miniature MS prototype system. The regions accounting for ion 
transfer, mass analysis, and detection are approximately 6 inches in length. Analyte ions are 
transferred through the inlet capillary to the ion trap where they are trapped, ejected, and then 
detected in the detector region. It should be noted that the electronics and pumps needed to 
operate the prototype are not shown in this image. 
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Figure 2.7: Microfluidic CE-MS analysis of hemoglobin glycation using the prototype miniature 
MS. a) Electropherogram showing the separation of the hemoglobin subunits. The alpha and beta 
subunits are easily detected with small peaks corresponding to glycated beta hemoglobin and a 
beta hemoglobin variant. b) Raw mass spectra for the alpha and beta hemoglobin subunits. 
Although the mass resolution is much lower than that achieved with the commercial instruments, 
there are still measureable differences between the two charge envelopes. The time axis of the 
mass spectra corresponds to ion ejection time during the mass scan. These values are directly 
correlated to the m/z value of the ion and can be reflected as m/z if the instrument if properly 
calibrated before analysis. 
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3 CHAPTER 3: DEVELOPMENT OF AN INTEGRATED MICROFLUIDIC CE-MS 
PLATFORM FOR THE SEPARATION AND CHARACTERIATION OF INTACT 
MONOCLONAL ANTIBODY VARIANTS 
 
3.1 Introduction 
Common techniques used to analyze monoclonal antibodies (mAbs) include 
chromatographic methods such as size exclusion chromatography, ion-exchange 
chromatography, reversed-phase liquid chromatography, and electrophoresis based methods such 
as isoelectric focusing, gel electrophoresis, and capillary zone electrophoresis. Each technique 
contributes complementary information to the overall characterization of the mAb, but currently 
there is no single technique capable of generating all of the desired information about mAb 
heterogeneity.  
Electrospray ionization mass spectrometry (ESI-MS) is a powerful technique for mAb 
characterization due to the ability to assign mass values to many structural variants. An average 
mass as well as significant mass shifts (such as those arising from glycosylation) can often be 
determined by direct infusion into a mass spectrometer. But, as the heterogeneity of the mAb 
population increases so does the complexity of the mass spectrum; and the isotopic distribution 
of an intact mAb (~25 Da at half height) combined with additional mass spectral peak 
broadening obscures minor mass variations such as those due to deamidation and oxidation 
unless unit mass resolution can be achieved. 2–4,6,9 . It has been shown that a resolving power in 
excess of 400,000 is required to achieve unit mass baseline resolution of molecules of the size 
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and complexity of mAbs.10 A more accessible solution to the problem of spectral overlap is to 
include a separation step prior to MS analysis 
Many mAb modifications induce a change in net charge, and therefore mAb variants can 
be separated based on charge differences. However, the most common analysis techniques for 
assessing mAb charge heterogeneity, such as ion-exchange chromatography (IEC) and 
isoelectric focusing, do not directly interface well with MS. To separate charge variants, these 
techniques typically require mobile phases or background electrolytes that are not compatible 
with ESI.2,9,11–13 Thus, they are almost exclusively relegated to optical detection methods, 
requiring additional analysis to identify the observed peaks. Efforts have been made to develop 
MS compatible methodology for these techniques, but they have yet to result in the successful 
separation of intact mAb charge variants with identification by online MS analysis.14–16  
Capillary electrophoresis (CE) is another method that can be used to separate intact mAb 
variants that is potentially compatible with MS detection.  The CE separation mechanism is 
based on differences in electrophoretic mobility, which is determined by the charge and size of 
analyte molecules. All successful CE methods must control analyte adsorption, maintain 
solubility, and enhance mobility differences between species; all of which tend to become more 
challenging as the size and complexity of the analyte increases.2,17–20 While CE-MS has been 
successfully demonstrated for the analysis of enzymatically digested mAbs and substantially 
smaller intact proteins21–28, previous work using CE for intact mAb analysis has been limited to 
optical detection. Consequently, MS compatibility was not a consideration during method 
development. Consequently, separation background electrolytes (BGEs) have included mixtures 
of components that facilitate the separation, but preclude the use of ESI.  For instance, 
triethylenetetramine (TETA) and high levels of ε-amino-caproic acid (EACA) are often added to 
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the BGE. TETA acts as a dynamic coating to prevent analyte adsorption, and EACA is a 
zwitterion that can be used to create high ionic strength, low conductivity buffers that reduce 
electroosmotic flow (EOF) and enhance electrophoretic mobility differences.29–33 This strategy 
results in the separation of charge variants, but the complexity and nature of the BGE 
components render it incompatible with ESI-MS. Thus, the same problems encountered with ion-
exchange chromatography and isoelectric focusing exist.  
Our strategy for performing CE-ESI-MS has been to use microfluidic technology to 
eliminate sources of extra-column band broadening, and surface coatings to control analyte 
adsorption; this has resulted in highly efficient separations of biomolecules using ESI compatible 
BGEs.34–38 For mAb analysis, a surface coating method utilizing chemical vapor deposition 
(CVD) of an aminopropylsilane (APS) base layer38 and covalent modification with 
polyethyleneglycol (PEG) is used to prevent analyte adsorption and reduce the EOF. The 
uniformity and stability of this surface coating yields highly efficient separations. Additionally, 
the EOF reduction enhances differences in the electrophoretic mobility of the charge variants and 
increases the resolution of the separation without the use of surfactants or high ionic strength 
buffers. This eliminates the need for additives such as TETA and EACA so a simple MS 
compatible BGE can be used without sacrificing separation performance. The APS-PEG surface 
coating strategy in conjunction with the zero dead volume integration of microfluidic CE-ESI 
devices results in the successful separation of intact mAb charge variants with online MS 
analysis. The device performance is demonstrated by characterizing C-terminal lysine variants of 
a commercial biotherapeutic IgG as well as two additional mAbs.  
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3.2 Experimental 
3.2.1 Materials and Reagents 
Deionized water was generated with a Nanopure Diamond water purifier (Barnstead 
International, Dubuque, IA). Optima LC/MS grade 2-propanol, methanol, acetonitrile, formic 
acid, and acetic acid (99% purity) were obtained from Fisher Scientific (Fairlawn, NJ). The 
silane coating reagent 3-(aminopropyl)di-isopropyl-ethoxysilane (APDIPES) was purchased 
from Gelest (Morrisville, PA) and the methyl-terminated polyethylene glycol n-hydroxy 
succinimide ester (NHS-PEG450) was purchased from Nanocs Inc.(Boston, MA). The number 
designation 450 denotes the number of PEG units in the reagent. Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane was purchased from Sigma-Aldrich (St. Louis, MO). Infliximab was 
provided by Waters Corporation (Milford, MA) and mAb-A and mAb-B were provided by Pfizer 
Inc. (St. Louis, MO).  
 
3.2.2 Sample Preparation  
Monoclonal antibody samples were stored in their respective formulation buffers at -20° 
C until analysis. Samples were thawed at room temperature and diluted to 0.1 mg/mL for 
infusion-MS or 1.0 mg/mL for microfluidic CE-MS with BGE. For Infliximab no additional 
sample preparation was necessary. mAb-A and mAb-B were buffer exchanged with BGE using 
an Amicon Ultra Ultracel 50 kDa centrifugal filter (Millipore, Billerica, MA) prior to analysis. 
The final sample volume was 100 µL for all three mAbs. 
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3.2.3 CE-ESI-MS Device Preparation and Operation  
CE-ESI devices were prepared by applying a two stage APS-PEG coating. Detailed 
coating procedures are described in Appendix 2. For this analysis an electroosmotic pump was 
used to sustain ESI. Voltage application to the devices and voltage control was performed as 
described in Appendix 3. For this analysis a gated injection scheme was used for sample 
handling. A 200 ms injection was performed for each mAb analyzed, which resulted in ~175 pg 
of mAb injected. For this work the full 100 µL of sample solution was put in reservoir 1. 
However, it should be noted that only a small fraction of this is consumed during analysis and a 
significantly smaller sample volume could be used. Infusions of mAbs were performed using a 
simplified version of this device that utilizes just two channels to create an electroosmotic pump. 
A schematic of this device is provided in Figure 2 of Appendix 3. 
 
3.2.4 Data Analysis  
MS analysis was performed using either a Waters LCT-Premier time-of-flight mass 
spectrometer or Synapt G2 quadruple time-of-flight mass spectrometer (Waters Corporation, 
Milford, MA). The particular instrument used will be provided in the figure caption. Information 
about the MS instrument settings used is provided in Appendix 4.   Deconvolution of the mass 
spectra was performed based on maximum entropy analysis using the MaxEnt1 deconvolution 
algorithm in the MassLynx software. Resolution was set at 1.00 Da with minimum intensity 
ratios at 50%, and the software was set to perform 15 iterations to reduce the occurrence of 
deconvolution artifacts in the resulting spectrum.6 The mass range and uniform Gaussian width 
at half height were adjusted to best match the specific set of data.6,44 As described previously for 
deconvolution of intact mAbs spectra, the 5-6 most abundant charge state peaks were used to 
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provide high signal-to-noise data for processing and reduce the potential side effects of adducts 
on high m/z ions.45  
 
3.3 Results and Discussion 
3.3.1 Optimization of Background Electrolytes for mAb Analysis 
Infusion of mAbs is a simple way to assess the effect of different background electrolytes 
on the antibody and to obtain an average MW. Characteristics of the most abundant charge state 
and charge envelope can provide information about the conformation of the antibody (denatured 
or natured), whether there is significant aggregation, or other detrimental effects. An added 
benefit is that waste is minimized because a much lower concentration of antibody is suitable for 
infusion experiments.  The commercially available mAb, Infliximab, was selected for method 
development because it has been characterized in the literature32,33 and has a distinct charge 
variant profile due to relatively equal abundances of C-terminal lysine variants.  
It has been shown that protein conformation can significantly impact ESI spectra: an 
unfolded protein becomes more highly charged during ESI and exhibits lower m/z values.46–48 
Based on the poor separation results obtained initially for Infliximab (data not shown), it was 
hypothesized that high levels of organic modifier partially denature the antibody, muddling 
subtle differences in electrophoretic mobility induced by post translational modifications 
(PTMs). To confirm this, Infliximab was infused into a MS using a variety of background 
electrolytes of different organic modifiers at varying percentages to identify the effect of 
changing these parameters. The first step in this study was to characterize the appearance of the 
antibody MS signal in a background electrolyte suspected to greatly denature the molecule: 50% 
acetonitrile 0.1% formic acid. The resulting mass spectrum contained a very convoluted charge 
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envelope centered on ~2750 m/z, which is given in Figure 3.1. There is little definition within 
the individual charge state peaks that would otherwise provide information about glycosylation, 
and the signal deconvolutes with low certainty to a mass of 149 kDa. Additionally, there is a 
second charge envelope appearing below 1750 m/z that deconvolutes to approximately 23.5 kDa, 
which is in agreement with the mass of a typical IgG1 light chain. This supports the idea that the 
50% acetonitrile 0.1% formic acid background electrolyte is detrimental to the mAb structure.  
Following this characterization, the focus centered on reducing the organic content and 
changing the type of organic modifier; background electrolytes of 10% acetonitrile, 2-propanol, 
and methanol were used. The results of this experiment are given in Figure 3.2. The appearance 
and m/z values of the charge envelopes generated by the low organic content background 
electrolytes are very similar to the charge envelope seen with the 50% acetonitrile background 
electrolyte. Although there is not a significant signal for dissociated light chain, it can be 
concluded that the antibody is also denatured under these conditions. Thus, the organic modifier 
content is not the only factor contributing to mAb denaturation.  
Additional experiments determined that the acid used in the background electrolyte has 
just as much of an impact as the organic modifier. Acetic acid is another volatile acid commonly 
used for MS analysis and upon replacing the formic acid with acetic acid, very different results 
were obtained. As seen in Figure 4b, with a 10% methanol 0.2% acetic acid BGE, rather than a 
single charge envelope at fairly low m/z values, a bimodal distribution of charge states spanning 
a range of ~3500-6000 m/z is obtained with the most intense occurring at the higher end of this 
range. This indicates a lower degree of protonation, which could be attributed to the antibody 
remaining in a more folded state. These envelopes could be interpreted as two difference species, 
but both envelopes deconvolute to the same mass, indicating that they are the same mAb species. 
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The difference in charge state, therefore, could potentially be due to differences in conformation. 
Overall, it appears that the acetic acid better preserves the native conformation of the antibody 
while formic acid denatures it. It is evident that this low organic, acetic acid background 
electrolyte has benefits in terms of conformation preservation. 
Once the methanol/acetic acid based background electrolyte was identified as a potential 
solution, the methanol composition was varied to examine the impact of altering this parameter 
with the different acid component. Infliximab was infused using four background electrolytes 
ranging from 0%-50% methanol all with 0.2% acetic acid. As is evident in Figure 3.3, the higher 
the organic content, the more the antibody is denatured and eventually dissociated light chain 
was visible in the mass spectrum. The major differences between the 10% methanol BGE and the 
purely aqueous BGE seem to be signal intensity and clarity. Though the same charge states 
appear in both mass spectra, the signal intensity is greater with organic modifier present and the 
charge state peaks appear narrower and more defined. Thus, it seems that the presence of low 
levels of suitable organic modifier do not have a significant effect on the conformation of the 
antibody, but act to enhance the antibody signal. Additional experiments utilizing 2-propanol 
revealed no significant difference between methanol and 2-propanol based BGEs and the organic 
solvents could be used interchangeably.   
Based on the results of the infusion studies, it was concluded that high levels of organic 
modifiers or the use of formic acid will denature the antibody and can dissociate the light and 
heavy chains.  However, in combination with acetic acid, methanol and 2-propanol are suitable 
organic modifiers provided their concentration is kept below approximately 10%. Adding an 
organic modifier to the background electrolyte may not be absolutely necessary, but there are 
benefits in terms of MS signal and peak resolution. This could become a more significant issue 
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when separations are performed. It is necessary to gain as much signal as possible since averaged 
mass spectra are generated from a seconds wide peak rather than a minutes long infusion study.  
3.3.2 Separation of Intact mAb Charge Variants 
3.3.2.1 Separation Optimization with Infliximab 
 The initial strategy used for the separation of the mAbs was to attempt to maintain the 
native conformation as much as possible while still employing a MS compatible background 
electrolyte. The 10% methanol 0.2% acetic acid background electrolyte identified in the infusion 
studies was used for the preliminary separation of Infliximab. The analysis was performed using 
a 23 cm APDIPES coated device and the results are provided in Figure 3.4. It is evident that 
there is little definition to the mAb peak and at face value it appears that there is no separation of 
variants. However, the MS data corresponding to the first half and second half of the peak show 
a distinct difference in the m/z values associated with the charge states (Figure 3.4b). Thus, 
separation is occurring, but it is very slight. This subtle difference insinuating the beginning of a 
separation is more significant than any of the previous separation attempts performed up to this 
point. It implies that the 10% methanol 0.2% acetic acid background electrolyte has a definite 
impact on the separation and there is a feasible potential for improving the resolution.  
As stated before, PEG coating technology developed in the lab can suppress the EOF 
which, according to CE theory, can improve resolution between analyte species. The longest 
chain PEG reagent, PEG450, was previously shown to reduce the EOF by approximately 90% and 
used to increase the resolution between similar protein species in a standard mixture. An APS-
PEG450 coated device was used to analyze a sample of Infliximab. Figure 3.5a shows the 
microfluidic CE separation of Infliximab with ESI-MS detection. The separation profile is 
similar to CE separations of Infliximab reported in the literature using TETA and EACA BGE 
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additives with optical detection.32,33 However, with this analysis platform these additives were 
unnecessary to achieve a comparable separation, and for the first time intact mAb charge variants 
have been separated and identified by MS analysis using a single experiment. There are three 
nearly baseline resolved peaks along with smaller peaks to the left and right, indicating the 
presence of minor basic and acidic variants, respectively. The three largest peaks are on average 
1.2 s duration at half height (~2 s duration at the base.) Mass spectra were generated by summing 
an approximately 2 s window of MS data points from the center of each peak in the 
electropherogram. 
Deconvolution of each charge variant mass spectrum generated multiple masses, 
corresponding to the expected presence of neutral glycosylation variants. To facilitate discussion 
of the charge variants, the most abundant mass variant is used to describe the mass of the charge 
variant band. The less intense mass peaks present between the labeled mass peaks in the 
deconvoluted spectrum are believed to be deconvolution artifacts. Thus as seen in Figure 3.5b, 
the masses ascribed to the three most abundant charge variant bands are 148,633 Da, 148,506 
Da, and 148,380 Da. The difference in mass between these bands is similar to the expected mass 
shift associated with the addition of a lysine residue. Based on the MW information, the earliest 
band corresponds to the 2-lysine variant (2-K), the middle band corresponds to the 1-lysine 
variant (1-K), and the last band corresponds to the 0-lysine variant (0-K). This assignment is also 
supported by the change in apparent mobility (μapp) of the variants. Based on three replicate 
electropherograms, the three bands correspond to μapp values and relative standard deviations of 
2.28x10-4 (±0.83%) cm2/Vs, 2.25x10-4 (±0.82%) cm2/Vs, and 2.22x10-4 (±0.83%) cm2/Vs. The 
addition of each lysine residue increased the electrophoretic mobility by the same amount 
(0.03x10-4 cm2/Vs), implying that the variation between the charge variants is of the same nature.  
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In addition to the major lysine variants, there are also minor basic and acidic variants 
visible to the left and right of the three major peaks. These minor peaks deconvolute to masses of 
148,642 Da and 148,378 Da for the basic and acidic regions, respectively. Relating these minor 
variants to their nearest lysine variant peak equates to a 9 Da increase for the basic variant and a 
2 Da decrease for the acidic variant. Although further work is required to identify these 
modifications, it is plausible that the mass shifts are a result of several cumulative modifications. 
For instance, two deamidations would cause a decrease in mass of 2 Da and also reduce the net 
charge of the mAb causing a μapp decrease.1 This is in agreement with the characteristics of the 
minor acidic variant and is a potential explanation for its modification. The low signal to noise 
ratio of the mass spectra associated with these low-abundance variants introduces error into the 
deconvolution process and a more sensitive mass spectrometer with greater resolving power 
would improve the identification of these species.  
The addition of galactose moieties to the glycan structure is associated with a mass 
increase of 162 Da/moiety, but does not induce a change in net charge.1,5,49 While changes in 
mass have the potential to affect mobility, the mass of a galactose moiety accounts for only 
~0.1% of the total mass of the antibody. To induce a μapp shift on par to that associated with a 
change in net charge, the mass increase would have to be much greater or induce a significant 
change in conformation. Although there is not a mobility shift between mAb glycoforms, 
glycosylation patterns are visible in the mass spectra of the major charge variants of Infliximab. 
Glycoforms are labeled in Figure 6b above the associated mass peak. The addition of 0 to 2 
galactose moieties per glycan structure is visible and the various glycoforms are present in 
similar abundances for each lysine variant. While not observed here, it is worth noting that CE 
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has the potential to resolve glycoforms with acidic glycans, due to a reduction in net charge from 
the addition of negatively charged sialic acid groups.1  
The same separation was performed using different background electrolytes to determine 
if changing the organic modifier content causes a significant improvement in resolution or signal 
quality. The organic content was varied from 0% to 20% 2-propanol and the results of this are 
presented in Figure 3.6. Decreasing the 2-propanol content from 10% reduces the separation 
window from approximately 0.2 min (12s) to 0.14 min (8s). Though the decrease is not drastic, it 
is sufficient to lose definition of the minor acidic and basic variants. The intensity of the mass 
spectra also decreases with decreasing organic. Increasing the 2-propanol content has a much 
more obvious effect on the antibody separation. This begins to partially denature the antibody, 
which is evidenced by the large, broad peak appearing after the three lysine variant peaks. The 
mass spectrum associated with this peak is similar to that seen with background electrolytes that 
denature the antibody: there is a single major charge envelope centered around a relatively low 
m/z value. Based on the results of this study where 2-propanol and acetic acid content was 
varied, it was determined that no other combination of those two reagents yielded significant 
improvement of the separation of the Infliximab charge variants. Thus, 10% 2-propanol 0.2% 
acetic acid became the predominant background electrolyte used for mAb characterization.  
The advantage of a separation prior to MS analysis is obvious when comparing the mass 
spectrum of Infliximab generated by direct infusion-MS to the mass spectra of the individual 
variant peaks produced by CE-ESI-MS. The infusion mass spectrum for the +31 charge state is 
given in Figure 3.7 and the comparable charge states of the three lysine variants are overlaid 
beneath the infusion spectrum. The overlaid lysine variant spectra depict how the mAb species 
overlap and combine to obscure individual mass signals if they are not separated prior to MS 
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analysis. As described in Figure 3.5b, at least 4 mAb glycoforms can be identified per lysine 
variant, resulting in at least 12 mAb species identified. However, there are only six distinct 
features in the infusion spectrum due to spectral overlap of the lysine variants. The result of this 
is a more convoluted mass spectrum with wider m/z peaks (FWHH ~5 m/z) as opposed to the 
separated variant spectra (FWHH ~2 m/z). The deconvolution algorithm is incapable of 
generating masses for the different glycoforms of each lysine variant from the infusion mass 
spectrum. Only seven masses are generated that are not easily interpreted because they are a 
combination of multiple mAb mass signals (data not shown). Additionally, the minor acidic and 
basic variants are completely obscured due to their low abundance and small mass shifts. Having 
a CE separation in line with MS detection results in simpler mass spectra and, in turn, the 
identification of more mAb species. While an instrument with state of the art resolving power 
will resolve more mass species during an infusion experiment than the instrument used for this 
work, the simplification of the mAb population achieved through separation reduces the 
requirements for MS resolving power. The microfluidic CE-ESI-MS approach, in turn, renders 
this type of mAb analysis available to laboratories with modest MS resolving power, i.e., a few 
thousand. 
 
3.3.2.2 Analysis of Biotherapeutic mAbs to Assess General Method Applicability 
One the difficulties associated with analyzing these large, complex molecules is that 
different mAb species can respond quite differently to the same analysis parameters. The value 
of a method decreases if it only works well for a specific molecule, so to test the general 
applicability of the microfluidic CE-ESI-MS method for the characterization biotherapeutics, 
additional mAbs were analyzed.  
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The mAb-A molecule is an IgG2 type antibody and a separation of this mAb is given in 
Figure 3.8a. There are four distinct product related bands present in the electropherogram. The 
masses generated from deconvoluting the mass spectra associated with each band are 146,407 
Da, 146,277 Da, 146,146 Da, and 146,169 Da for bands 1-4 respectively. The mass differences 
between the first three bands are approximately 130 Da, corresponding to a shift associated with 
a C-terminal lysine residue. The 2-3 Da difference between the expected and observed mass 
shifts is likely due to both the signal intensity of the smaller charge variant peaks and error 
associated with the deconvolution process. To support the identification of these as lysine 
variants, the μapp of each species was calculated. Bands 1-3 have μapp values of 2.09x10-4 
(±0.023%) cm2/Vs, 2.06x10-4 (±0.057%) cm2/Vs, and 2.03x10-4 (±0.043%) cm2/Vs, respectively. 
The trend of decreasing μapp with decreasing masses that was seen with Infliximab is also 
followed with mAb-A. Additionally, the difference in mobility of the mAb-A charge variants 
under these conditions is 0.03x10-4 cm2/Vs, which is identical to the μapp shift between the lysine 
variants of Infliximab. Bands 1-3 can therefore be characterized as 2-K, 1-K, and 0-K, 
respectively. This strategy of using electrophoretic mobility shifts to support identification could 
potentially be applied as a metric for analyzing other mAb modifications. Although both mAb-A 
and Infliximab have C-terminal lysine variants, the relative variant abundances are very 
different. The mAb-A material is perhaps more indicative of a typical biotherapeutic mAb in that 
the partial C-terminal lysine truncation variants account for a relatively small percentage of the 
total mAb population. The mAb-A and Infliximab data were analyzed using the Igor Pro 
Multipeak Fitting 2 analysis package and the results of the fit were used to approximate the 
relative abundance of C-terminal lysine variants for each molecule. Based on peak areas from the 
total ion electropherogram for the C-terminal lysine variants it was determined that mAb-A is 
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comprised of 2% 2-K variant, 6% 1-K variant, and 92% 0-K variant, while Infliximab is 
approximately 34% 2-K variant, 28% 1-K variant, and 38% 0-K variant. Glycosylation patterns 
are also visible in the mass spectra associated with the identified lysine variants for mAb-A. 
Glycoform labels are designated above the peak masses in Figure 3.8b. The addition of up to 
four galactose residues is visible in the mass spectrum for the major 0-K charge variant peak. 
The most acidic variant, peak 4, differs in mass from the 0-K variant (peak 3) by 23 Da. The 
nature of this modification is not immediately obvious, and therefore could be a combination of 
variations to the structure that also results in a net charge reduction as supported by the 
observable shift in µapp. 
The monoclonal antibody mAb-B is also an IgG-2 type antibody. Intact analysis of mAb-
B charge variants via microfluidic CE-ESI-MS revealed three main variants of the mAb (labeled 
1, 2, and 3) as seen in Figure 3.9a. To generate mass spectra for the charge variants, the mass 
scans were averaged over the width of the CE bands. The mass spectrum of the most abundant 
charge variant in the separation is provided in Figure 3.9b. Masses for the charge variants were 
obtained through deconvolution of the mass spectra and are provided above their respective 
bands in Figure 10a.  
Identification of the charge variants was accomplished by considering both the mass shift 
and relative change in electrophoretic mobility between variants. The mass difference between 
the two most abundant charge variants, 2 and 3, is 18 Da, which is similar to the mass shift 
attributed with multiple common modifications including oxidation and pyroglutamic acid 
formation at the N-terminus of the heavy chain.1 While both modifications are plausible, 
pyroglutamic acid formation is more consistent with the observed shift in electrophoretic 
mobility because there is a reduction in charge associated with the cyclization reaction with the 
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N-terminus amine. The presence of this modification was confirmed using conventional peptide 
mapping with MS detection by collaborators at Pfizer (data not shown). With this analysis 
strategy where mobile cations are sampled, the most mobile variants in the electropherogram 
(those with the lowest migration time) are more positively charged, or more basic, than those 
with longer migration times. Thus, the mAb-B charge variant 2 is more basic than the more 
abundant variant 3. The apparent mobility of variants 2 and 3 are 2.47x10-4 cm2/Vs and 2.44x10-4 
cm2/Vs, respectively. This is a mobility decrease of 0.03x10-4 cm2/Vs. Considered with respect 
to pyroglutamic acid formation the decrease in mass of 18 Da is consistent with the decrease in 
mobility due to the loss of +1 charge. As discussed above, the same mobility shift of 0.03x10-4 
cm2/Vs between mAb bands was observed for C-terminal lysine variants, which also differ by 1 
charge unit.50 Thus, this mobility shift has twice been found to be characteristic of mAb 
modifications that alter the net charge by 1 with relatively minor mass changes.  
The most basic variant at 149135 Da (band 1 in Figure 3.9a) is lower in mass than both 
other charge variants. There is a mass shift of 44 Da between this variant and its more acidic 
neighbor (band 2) and the magnitude of the mobility shift suggests that the modification also 
induces a change in net charge of 1. These properties agree with the mass and charge 
modifications characteristic of a decarboxylation event; removal of a carboxylic acid group as 
carbon dioxide results in a mass decrease of ~44 Da and elimination of a negative charge. A 
mAb species with this modification would present as more basic and 44 Da lighter in mass. 
Thus, the most basic variant of mAb-B is a decarboxylated form of the molecule.  
 Again, a sufficient level of sensitivity and resolution was obtained in the mass domain to 
identify several glycoforms of mAb-B. Identified mAb-B glycoforms are labeled in the 
deconvoluted mass spectrum in Figure 3.9c. It should be noted that the glycoform masses 
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generated during intact analysis account for the glycans on both heavy chains of the mAb. As 
such, it is not possible to differentiate between some glycoforms that have identical masses, such 
as G0F/G2F and G1F/G1F. The glycoforms identified are characteristic of Chinese hamster 
ovary expressed monoclonal antibodies. Based on the areas of the mass peaks in the 
deconvoluted spectrum, mAb-A is primarily G0F/G0F and G0F/G1F at 77.2% and 18.3%, 
respectively. The remaining glycoforms account for less than 5% each: 2.5% G2F, 1.7% G0, 
0.2% G0F(-GlcNAc), and 0.1% partially aglyco mAb. Results from conventional glycan 
cleavage and derivatization analysis performed at Pfizer support the identification of the intact 
glycoforms. However, as seen in Table 3.1, there are low abundance glycans (less than 0.15% of 
total population) detected through the cleaved glycan analysis that are not identified in the 
deconvoluted mass spectrum. These species differ in mass from one of the identified glycoforms 
by less than 50 Da and are spectrally obscured by the more abundant species. For instance, Man 
5 differs in mass by 23 Da from G0F(-GlnNAc) and G1F(-GlnNAc) differs from G0F by 36 Da. 
At such low abundances these species will not be resolved in the mass domain without a mass 
spectrometer with higher resolving power. Although some minor glycoforms are not resolved in 
the mass domain, this method is able to detect aglyco isoforms of the mAb, which is information 
that is not generated through cleaved glycan analysis. Additionally, this glycoform information 
can be generated in minutes with minimal sample preparation as no enzymatic digestion and 
labeling is required.  
 
3.4 Conclusions 
Here we have demonstrated a microfluidic CE-ESI-MS method for the separation of 
intact mAb charge variants. Through method development it was determined that the BGE 
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composition and the surface chemistry have significant impact on the separation of the mAbs. A 
BGE with low levels of methanol or 2-propanol and acetic was found to preserve some of the 
native structure of the mAb. Additionally, PEGylation of the APS coating in the separation 
channel proved vital to achieving significant resolution between the mAb charge variants. This 
surface chemistry suppressed the EOF and prevented analyte adsorption which eliminated the 
need for complex BGE additives commonly used in CE analysis of mAbs. The microfluidic ESI 
interface proved vital to the successful ionization and resulting MS analysis by maintaining fluid 
flow to generate stable ESI. The use of an ESI compatible BGE and the efficient microfluidic 
ESI interface enabled MS analysis of the intact mAb charge variants. Molecular weights were 
determined for five charge variants detected in the separation of Infliximab through 
deconvolution of the mass spectra. Three C-terminal lysine variants were identified by 
characteristic 128 Da mass shifts, and this identification was supported by the increase in 
cationic μapp with the addition of a lysine residue to the mAb species. Thus, this analysis platform 
yields two criteria to aid in the identification of mAb charge variants: mass and electrophoretic 
mobility. The advantage of adding a separation step prior to MS analysis of intact monoclonal 
antibodies is evident when comparing direct infusion mass spectra to spectra generated from 
separation data. Individually analyzing mAb variants results in simplified MS data and increases 
the number of mAb species that can be identified from the analysis. The separation of Infliximab 
charge variants allowed the glycoforms of the variants to be characterized; the addition of 0 to 4 
galactose residues to the glycan structure were identified in the deconvoluted spectra of the 
major variant bands.  
Two additional mAbs were analyzed to demonstrate the general applicability of our 
approach. The antibody, mAb-A, proved to bear similar modifications to Infliximab. Three C-
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terminal lysine residues were identified by mass and confirmed by the same electrophoretic 
mobility shift observed for the Infliximab sample. While the lysine variants of Infliximab were 
of roughly equal abundance, the 1-K and 2-K variants of mAb-A were estimated to account for 
only 6% and 2% of the total population of mAb-A. For mAb-B, it was determined that the 
charge heterogeneity was due to pyroglutamic acid formation and decarboxylation rather than C-
terminal lysine truncation. Further, it was confirmed that the identified glycoforms from the 
intact analysis agree very well the results of a cleaved glycan experiment. Many of the same 
glycan species can be detected and in similar abundances. However, those of very low 
abundance or very similar masses are difficult to detect at the intact level.  
These results demonstrate that the microfluidic CE-ESI device strategy described here is 
a rapid, generic strategy for the separation of intact mAb charge variants and allows direct 
coupling to MS analysis. This approach generates multiple pieces of information in a single 
analysis step. The mass of intact mAb variants, an assessment of charge heterogeneity, and 
glycoform information are all obtained with little to no sample preparation and total analysis 
times of less than four minutes.  The electrophoretic separation of mAb variants prior to MS 
analysis reduces the performance requirements of the MS instrument needed to characterize the 
mAb. MS instrumentation with greater mass accuracy and sensitivity would indeed facilitate the 
identification of mAb variants while using the separation device, but is not a requirement for 
successful analysis. The CE separation could also be improved by utilizing higher voltages or 
longer separation channels to increase the resolution between mAb charge variants. 
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3.5 Figures and Tables 
 
Figure 3.1: Infusion of Infliximab in 50% Acetonitrile 0.1% Formic Acid. Inset: deconvoluted 
mass spectrum providing an approximate MW. Instrument: Waters Synapt G2 
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Figure 3.2: Infliximab infusions using 10% 2-propanol 0.1% Formic Acid, 10% Acetonitrile 
0.1% Formic Acid, and 10% Methanol 0.2% Acetic Acid. Instrument: Waters Synapt G2 
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Figure 3.3: Infliximab infused with increasing levels of methanol in the background electrolyte. 
The acid content of 0.2% acetic acid remained constant for all of the background electrolytes 
used. a) aqueous 0.2% acetic acid, b) 10% methanol, c) 20% methanol, d) 50% methanol. The 
mAb begins to dissociate at 20% methanol and evidence of dissociated light chain is seen in (d). 
Instrument: Waters Synapt G2 
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Figure 3.4: a) Separation of 2 mg/mL Infliximab using 10% methanol 0.2% acetic acid and a 23 
cm APS coated device. Little to no separation of charge variants resulted from this strategy. b) 
Mass spectra associated with the first half and second half of the antibody peaks. Differences in 
the m/z values of the charge states indicate slight separation within the peak. Instrument: Waters 
Synapt G2 
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Figure 3.5: a) Separation of intact Infliximab charge variants using a 23-cm APS-PEG450 coated 
device at approximately 600 V/cm. Identified lysine variant bands are labeled as 2-K, 1-K, and 
0-K. b) Deconvoluted mass spectra for each lysine variant. Glycosylation structures are labeled 
above the mass of each peak. Instrument: Waters LCT-Premier 
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Figure 3.6: Separation of 1mg/mL Infliximab at varying 2-propanol contents. The separation 
resolution and signal intensity increases up to 10% 2-propanol. At 20% 2-propanol the mAb 
begins to denature. Waters LCT-Premier. 
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Figure 3.7: Direct infusion of Infliximab compared to overlaid spectra of the 0K-2K variants 
generated from the separation in Figure 2a. The 1-K variant spectrum is bolded to show detail. 
Instrument: Waters LCT-Premier 
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Figure 3.8: a) Separation of 1 mg/mL mAb-A using a 23-cm APS-PEG450 coated device at 
approximately 600 V/cm. b) Deconvoluted mass spectra for each major variant band. 
Glycosylation structures are labeled above each mass spectral peak. Instrument: Waters LCT-
Premier 
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Figure 3.9: Characterization of mAb-B: a) Electropherogram of intact charge variants generated 
via microfluidic CE-ESI-MS. Peaks are labeled with the mass obtained through deconvolution of 
that variants’ mass spectra. b) Raw mass spectrum corresponding to the most abundant charge 
variant, c) Deconvolution of the mass spectrum in b with identifiable glycoforms labeled. 
Instrument: Waters LCT-Premier 
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Table 3.1: Glycans and glycoforms of mAb-A identified through cleaved glycan analysis and 
intact microfluidic CE-MS separation. Released glycans were 2-AB labeled and separated using 
liquid chromatography. 
Glycan ID Cleaved Glycan Glycoform ID Intact mAb 
G0F 87.35% G0F/G0F 77.22% 
G1Fb 5.88% G0F/G1F 18.35% 
G1Fa 4.95% G0F/G2F or G1F/G1F 2.46% 
G0 0.97% G0F/G0 1.75% 
G2F 0.25% G0F/G0F(-GlnNAc) 0.15% 
G0F-GlnNAc 0.21% G0F/aglyco 0.07% 
G1-GlcNAc 0.14%   
Man 5 0.14%   
G0-GlnNAc-Fuc 0.11%   
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4 CHAPTER 4: CHARACTERIZATION OF INTACT ANTIBODY DRUG 
CONJUGATE VARIANTS USING MICROFLUIDIC CE-MS 
 
4.1 Introduction 
 
Antibody drug conjugates (ADCs) are monoclonal antibodies (mAbs) decorated with 
highly potent small molecule drugs that generally have anti-tumor activity. This class of 
biotherapeutic has drawn particular interest in the biopharmaceutical industry due to their 
potential ability to harness the specificity of a mAb and the therapeutic value of a 
chemotherapeutic drug.1–5 The importance of and challenges associated with characterizing 
biotherapeutic mAbs have been thoroughly described and the difficulty and complexity of these 
challenges are further exacerbated in the case of ADCs due to their increased heterogeneity.1,6–9  
Typically, ADCs are manufactured in a process that couples a smaller drug molecule to a 
mAb, via a linker.1,5 The primary mAb by itself will exhibit heterogeneity due to post 
translational modifications and degradation that commonly occurs during cellular expression, 
processing, and storage. This complexity increases further following conjugation to generate the 
ADC. Various approaches and technologies have been demonstrated to couple the mAb and drug 
molecule. Commonly conjugation is performed at the primary amine of lysine residues or 
sulfhydryl groups of cysteine residues, but regardless of the conjugation chemistry used, the 
resulting ADC population is often a diverse mixture of species in terms of the drug-to-antibody 
ratio (DAR) and their isoforms.1,10–13 Thus, the variants in the ADC population include the initial 
variants of the primary mAb molecule layered with additional heterogeneity introduced as a 
result of the conjugation process.   
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The various DAR species of an ADC can potentially exhibit very different 
pharmacokinetic properties.1,3,14,15 As such, the DAR and often the distribution are deemed as 
being critical quality attributes of an ADC. At the intact level, analyses of these species is often 
accomplished using separation techniques such as hydrophobic interaction chromatography 
(HIC), ion exchange chromatography (IEC), reverse phase liquid chromatography (RPLC), 
capillary electrophoresis (CE), or capillary isoelectric focusing.1,2,16–21 Generally these 
approaches are coupled to absorbance based detection techniques and are incompatible with 
mass spectrometry generally due to the high salt content required for analysis.  RPLC can be 
interfaced with a mass spectrometer as a desalting technique to generate an infusion-like 
spectrum of the intact ADC sample, but separation of variants does not occur.19 Recently, several 
studies have been published using native spray ion mobility spectroscopy (IMS) with MS 
detection for characterizing ADCs.22–24 With this approach, DAR and distribution can be 
determined from the mass spectrum and some resolution between DAR species is obtained 
during the IMS separation. However, several sample preparation techniques are required to 
simplify the ADC in order to reduce spectral overlap in the mass domain, such as 
deglycosylation or C-terminal lysine removal, which significantly lengthens the analysis.  
Recently we described a method for assessing the charge heterogeneity of intact mAbs 
using microfluidic CE-ESI with online MS analysis. With very little sample preparation, charge 
variants of mAbs can be separated and introduced directly into the mass spectrometer via ESI. 
Having the CE separation prior to MS analysis generates electrophoretic mobility data that can 
be used in conjunction with mass data as criteria for identifying mAb charge variants. 
Additionally, the CE separation prior to MS analysis simplifies the resulting mass spectra. 
Demonstrated here is the use of this method for measuring both charge variant heterogeneity and 
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DAR distribution of an ADC at the intact level. While DAR and distribution have been 
characterized using infusion-MS or separation techniques coupled to optical detection, this is the 
first example of the separation of intact ADC species with direct MS detection to characterize 
charge variant heterogeneity, and DAR distribution.  
 
 
4.2 Experimental 
 
4.2.1 Materials and Reagents  
 
Deionized water was generated with a Nanopure Diamond water purifier (Barnstead 
International, Dubuque, IA). Optima LC/MS grade 2-propanol and acetic acid (99% purity) were 
obtained from Fisher Scientific (Fairlawn, NJ). The silane coating reagent 3-(aminopropyl)di-
isopropyl-ethoxysilane (APDIPES) was purchased from Gelest (Morrisville, PA) and the methyl-
terminated polyethylene glycol n-hydroxy succinimide ester (NHS-PEG450) was purchased from 
Nanocs Inc. (Boston, MA). Trichloro-(1H,1H,2H,2H-perfluorooctyl)-silane was purchased from 
Sigma-Aldrich (St. Louis, MO). The monoclonal antibody conjugates ADC-B, mAb-C, and 
ADC-C were provided by Pfizer Inc. (St. Louis, MO). T-DM1 was provided by 908 Devices, 
Inc. (Boston, MA).  
 
4.2.2 Sample Preparation  
 
Monoclonal antibody samples were stored in their respective formulation buffers at 
- 20 °C until analysis. Samples were thawed at room temperature and diluted to 0.5 mg/mL for 
mAb-A and 1.0 mg/mL for ADC-B with an aqueous solution of 10% 2-propanol 0.2% acetic 
acid (pH 3.17). TDM-1 was diluted in a similar manner to 1 mg/mL. The stock solution of mAb-
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C was diluted to 1.125 mg/mL and ADC-C was diluted to 2.5 mg/mL with 2.5% methanol 0.1% 
acetic acid. The final sample volume was 100 µL for all analytes. 
 
4.2.3 CE-ESI-MS Device Preparation and Operation  
 
As described in Appendix 2, CE-ESI devices were coated with an aminopropylsilane 
reagent and a polyethylene glycol (PEG) reagent to reduce analyte adsorption and suppress 
EOF.25,26,34 An electroosmotic pump was used to provide the bulk fluid flow for ESI. CE-ESI 
devices were operated by applying and controlling voltages to the solvent reservoirs according to 
the parameters in Appendix 3. A gated injection scheme was used for sample manipulation and 
injection.25,35 Injection of the sample was performed by switching the voltage profile from the 
gated state to the injection state for 200 ms and back again. For this work infusion of ADC-B 
was performed by allowing the voltages to remain in the injection state.  
 
4.2.4 Data Analysis 
 
MS analysis was performed using a Waters LCT-Premier time-of-flight mass 
spectrometer (Waters Corporation, Milford, MA) operated in V-mode with the source at 105 °C 
with ion transfer settings as described in Appendix 4. Data were acquired over a mass range of 
4000-6000 m/z with a 0.2 s scan time. Deconvolution of the mass spectra was performed based 
on maximum entropy analysis using the MaxEnt1 deconvolution algorithm in the MassLynx 
software as described previously.9,26,36,37 
 
4.3 Results and Discussion 
 
4.3.1 Separation of Intact Lysine Linked ADC Charge Variants  
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ADC-B was created by collaborators at Pfizer using previously described conjugation 
chemistry that attaches the drug compound to the sidechain of lysine residues in mAb-B.10 The 
drug conjugated to the antibody is primarily neutral, and therefore the main shifts in the pI of the 
intact ADC are associated with the loss of available ε-amino groups in the lysine residues that 
are conjugated. As such, this reaction would decrease the mobility as the DAR increases. 
Additionally, it is reasonable to expect each ADC-B conjugate species to maintain the initial 
charge variant and glycoform profile of the starting molecule, mAb-B (Chapter 2, Figure 10). 
Intact charge variant analysis of ADC-B is provided in Figure 4.1 along with the identified 
glycoforms from the deconvoluted mass spectrum of the most abundant charge variant. Five 
DAR species are detected and labeled with the mass obtained from deconvoluting the mass 
spectrum generated from each band. The minor basic variants associated with each are the 
previously identified pyroglutamic acid variants found in mAb-B.  
The deconvoluted mass spectra from each of the separated DAR species and the mass 
shift between each species is provided in Figure 4.2. The average mass shift due to an increase in 
DAR is 3145 Da, which agrees very well with the known mass of the drug load. Migration times 
and mobilities for the ADC-B DAR species can be found in Table 4.1.  
Although the addition of a drug load should only decrease the net charge on the mAb by 
1 unit, a more substantial shift in mobility of 0.1x10-4 cm2/Vs is observed than previously 
calculated for modifications causing a similar change in net charge.26 This is most likely due to 
the size of the drug load. At 3145 Da, this mass accounts for approximately 2% of the total mAb 
mass per drug load. This is a much larger mass shift compared to those associated with C-
terminal lysine truncations or pyroglutamic acid formation. It can be surmised that the presence 
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of a drug load(s) on the mAb structure affects the hydrodynamic radius of the molecule in 
solution, which in turn affects the mobility of the mAb.  
The mass of DAR 0 in Figure 4.1 and Figure 4.2 is similar to the mass calculated for 
mAb-B (Chapter 2, Figure 10a) but are not identical and the migration times vary slightly. To 
determine whether these minor variations are caused by additional modification to the mAb-B 
structure during the conjugation reaction or simply the result of experimental variability, 5 µg of 
mAb-B was spiked into the ADC-B sample.  Multiple bands would be expected in the region of 
DAR 0 if this species differed from mAb-B. However, as seen in Figure 4.3, DAR 0 and its 
associated variants increased in intensity after mAb-B was spiked into the sample. Additionally, 
there are no partially resolved variants appearing as shoulders in the area of DAR 0 or protein 
envelopes present in the mass spectrum that were not there previously. Thus, DAR 0 in ADC-B 
can be confirmed to be residual mAb-B in the sample. 
To establish that the dynamic range of the mass spectrometer was sufficient to calculate 
DAR distribution, a range of ADC-B concentrations were analyzed using the microfluidic CE-
MS method. The areas for each DAR species were calculated using MassLynx software and 
plotted against the sample concentration (Figure 4.4). The MS response was found to be linear 
for all DAR species at less than 1.5 mg/mL ADC-B. The relative area percent was calculated for 
each DAR species in the separation and is provided in Table 4.2. The measurements were 
corrected for injection bias by multiplying the area of the peak by its migration time: 
 𝐴𝑟𝑒𝑎 % =
𝑡𝑚𝐴𝑟𝑒𝑎𝐷𝐴𝑅𝑛
𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎
 (4.12) 
where tm is the migration time of the species and AreaDARn is the area of DAR species with n drug 
loads. The average DAR was calculated using the equation below and found to be 1.7: 
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 𝐷𝐴𝑅̅̅ ̅̅ ̅̅ =
∑ 𝑛𝐴%
100
 (4.13) 
where n is the number of drug loads and A% is the area % of the species. An infusion of ADC-B 
performed by opening the microchip gate valve as mentioned above and the relative area percent 
of the DAR species is provided in Table 4.2. The results of the infusion also yielded an average 
DAR of 1.7.  Both the CE-MS and infusion values are in relative agreement with conventional 
analytical methods that measure the DAR of ADCs. Table 4.2 also lists the distribution of DAR 
species calculated from imaging CE (iCE) data collected by collaborators at Pfizer where an 
average DAR value of 1.8 was obtained.  The similarity between the average DAR calculations 
indicates that the three methods are in agreement with one another.   
While the drug load distribution generated using both methods is similar, more 
information is generated about the charge heterogeneity of the ADC-B population through the 
intact charge variant analysis. Figure 4.5 compares the raw mass spectra for the DAR 2 variants 
in the infusion data and the separation in Figure 4.1. The mass difference of 18 Da associated 
with the pyroglutamic acid variants was not resolved in the mass domain during the ADC-B 
infusion experiment. As indicated in Figure 4.5b, there is a slight mass shift discernable between 
the spectra for the 2 load variant with and without pyroglutamic acid, but this shift only 
manifests as spectral broadening in the infusion spectrum. When deconvoluted, the mass 
obtained from the infusion data is a function of the mass of both pyroglutamic acid variants. 
It is evident from the data provided that at least four sites on the intact mAb-B structure 
readily undergo conjugation during the reaction. Although IgG type antibodies consist of two 
heavy chains and two light chains, the overall molecule is not conformationally symmetric.6 The 
occurrence of a drug load at the same residue but on different chains may have different 
structural effects that could affect the mobility. Thus, there are positional isomers determined by 
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the location and identity of the conjugation site accessed, which could perturb the mAb structure 
enough to affect the mobility on the basis of conformation. Potential evidence for this is present 
as reproducible shoulder features on DAR species 1 and 2 in the electropherogram for ADC-B. 
These features are marked with asterisks in Figure 4.1. The mass spectra are homogenous 
throughout the width of both bands indicating that the partially resolved shoulder species do not 
differ in mass. If the resolution of the CE separation were increased, it is possible that these 
isomers could be separated and used to further assess the conjugation reaction based on drug 
load location in addition to DAR.  
 Since ADCs are designed to deliver a drug payload to a specific target, the stability of the 
drug load is of vital importance. Degradation of the drug load can significantly reduce the 
potency of the ADC as a therapeutic molecule. The drug load on ADC-B is subject to a 
characteristic degradation. Collaborators at Pfizer have determined the pathway of this 
degradation to be catalyzed by a residual host cell protein (HCP). The HCP cleaves the peptide 
based drug load at a specific residue, causing a decrease in mass of ~575 Da. This reaction 
occurs in solution over time and during product characterization at Pfizer it was observed as an 
increase in acidic variants due to exposure of a carboxylic acid group on the drug load. To mimic 
the degradation of the drug load over a long period of time, ADC-B was incubated in 
formulation buffer at 45 ºC over a period of 3 days and an aliquot was taken each day. Intact 
analysis via microfluidic CE-MS did not reveal additional acidic variants in the 
electropherogram. However, the presence of degraded species is detectable in the deconvoluted 
mass spectra and as seen in Figure 4.6a. For species with more than one drug load, degradation 
of multiple drug loads is detected. Residual amounts of degraded ADC-B are present in the 
sample prior to heat stressing the molecule, but the amount increases quickly during the forced 
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degradation process. As seen in Figure 4.6b, by the third day of incubation up to approximately 
45% drug load degradation was seen for some DAR species.  
 
4.3.2 Analysis of T-DM1 
 
 The ability to separate lysine conjugated DAR variants is limited if the conjugate 
molecule has a net charge of +1. Although the conjugation chemistry removes a positive charge 
at the lysine side chain, the net charge on the mAb does not change overall. Thus, any separation 
is dependent on changes in electrophoretic mobility due to conformational differences between 
the DAR species from the size of the drug load or its effect on mAb folding. Often these mobility 
shifts are quite minor and in these instances the presence of the DAR species is mainly visible in 
the mass spectra of the ADC rather than the electropherogram.  
The ADC T-DM1 is an illustrative example of this. The drug load conjugated to the mAb 
bears a positive charge at acidic pHs negating any change in net charge due to reaction at the 
lysine residues. As seen in Figure 4.7a, there is no visible separation of charge variants in the 
electropherogram. A mass spectrum for the ADC was generated by averaging the mass scans 
across the base width of the CE peak. The ADC generates a very complex spectrum and when 
deconvoluted many different mass species are seen (Figure 4.7b, 7c). The different DAR species 
are shifted by an average of 958 Da and up to four drug loads per mAb are detected in the 
deconvoluted spectrum. For each DAR species various glycoforms are also detectable by a mass 
shift of 162 Da with the most abundant glycoform being G0F/G1F. In addition to the glycoform 
distribution, a subspecies is detected that corresponds to an error during the conjugation process 
where a linker molecule is attached to the mAb, but not a drug load.22 These species are marked 
with an asterisk.  
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Overall, T-DM1 is an exceedingly complex molecule in terms of charge and mass 
heterogeneity making analysis difficult in both the separation and MS domain. Recently, native 
spray IMS-MS has been used to analyze ADCs for drug load distribution and average DAR.22–24 
Researchers were able to achieve some resolution between DAR species of T-DM1 through the 
IMS separation.22 While it initially appears that there is no separation occurring in the CE 
domain of the microfluidic CE-MS analysis, the mass spectrum across the width of the peak is 
not homogenous, indicating that there is a slight amount of charge variant separation. Extracted 
ion electropherograms can be generated for the various DAR species. When overlaid as in the 
inset of Figure 4.7a they reveal slight separation between the DAR species of T-DM1. The 
separation resolution and MS information generated here with the microfluidic CE separation is 
similar to that obtained in the IMS studies. However, using the microfluidic CE-MS approach a 
specialized MS instrument with IMS capabilities is not needed to achieve similar results.   
 
4.3.3 Separation of Intact Cysteine Linked ADCs 
 
An alternative mode of mAb conjugation is to modify cysteine residues in the antibody 
structure. Briefly, to produce a cysteine linked ADC, disulfide bonds in a mAb are reduced to 
generate reactive sulfhydryl groups that are then functionalized with maleimide based 
components.11–14,38–40 Conjugation tends to occur in pairs so DAR species increase in multiples 
of 2, i.e. DAR 0, DAR 2, DAR 4, etc. Thus, as compared to lysine based conjugation where any 
solvent accessible lysine can be functionalized, cysteine conjugation is more site specific and 
tends to produce a less heterogeneous ADC population.  
 Although potentially less heterogeneous, analyzing cysteine linked ADCs can be 
challenging because the disulfide bond structure of the mAb is disrupted. This could potentially 
render non-covalent interactions between the light and heavy chains the predominant force 
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holding the ADC together. It has been seen that cysteine linked ADCs tend to dissociate under 
the conditions often used for LC-MS analysis: high levels of organic modifier and acidic pH.1 As 
such, HIC has emerged as a useful technique for separating the DAR species because the 
separation can be performed at neutral pH to preserve the ADC structure.1,41–43 The BGE used 
for microfluidic CE-MS analysis of mAbs and ADCs is not as harsh as typical LC-MS 
conditions and appears to preserve a certain amount of mAb structure. Therefore, it is possible 
that a cysteine linked ADC could be analyzed at the intact level using our method. To evaluate 
this, a mAb/ADC pair was analyzed at the intact level via microfluidic CE-MS. 
Charge variants of the naked mAb (mAb-C) were characterized via microfluidic CE-MS. 
As illustrated in Figure 4.8, a main isoform and two basic variants were detected and identified 
as C-terminal lysine variants. The glycosylation profile of mAb-C was fairly complex with 6 
different glycoforms identified. mAb-C was conjugated with a small molecule drug load (~376 
Da) using tris(2-carboxyethyl)phosphine (TCEP) reduction and conjugation chemistry developed 
at Pfizer, Inc. to create ADC-C. Figure 4.9a shows the intact analysis of ADC-C. The same 
lysine variants of mAb-C are separated and detected, but deconvolution of the main isoform of 
ADC-C reveals multiple species generated from the conjugation reaction. There is a mass shift of 
~757 Da between the groupings of peaks in the deconvoluted spectrum. This mass agrees with 
the addition of two drug loads to mAb-C when disulfide bonds are reduced to generate two 
reactive sulfhydryl groups.  
As is evident in Figure 4.9a, the separation efficiency appears to have decreased during 
intact analysis of ADC-C. However, closer inspection of the CE and MS data reveals partial 
separation of the DAR species. This is easily visualized by generating an extracted ion 
electropherogram for each DAR species (Figure 4.9c). Because the resolution generated between 
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the DAR species is less than 1.0, it manifests as artificial band broadening in the separation. The 
integrated peak areas from the extracted ion electropherograms were used to calculated the 
relative abundance of the DAR species. It was determined that the ADC population consisted of 
5.27% DAR 0, 31.46% DAR 2, 45.41% DAR 4, and 17.86% DAR 6 with an average DAR of 
3.52. This value does not agree with the average DAR of 4.55 calculated from data generated by 
collaborators at Pfizer. HIC analysis of the molecule at Pfizer detected DAR species ranging 0-8, 
but DAR 8 is not detected to any degree during microfluidic CE-MS analysis. It is possible that 
DAR 8 is degrading due to the degree to which the disulfide structure is disrupted. This 
hypothesis is potentially supported by the presence of dissociated light chain in the intact 
separation of ADC-C (Figure 4.9a). Additionally, widening the m/z range used for data 
acquisition reveals another protein species at much higher m/z values than the intact ADC. As 
seen in Figure 4.10, deconvolution of this protein envelope generates a mass that agrees with the 
loss of a light chain from the ADC. Thus, degradation of the ADC does in fact appear to be 
occurring, but it is not obvious where. If the ADC was dissociating throughout the separation, the 
light chain would appear as a broad trailing signal in the electropherogram. However, it is being 
detected as a discrete peak. Therefore, in an attempt to pinpoint where the degradation is 
occurring, an aliquot of ADC-C stock was diluted in a 50 mM ammonium carbonate buffer at 
neutral pH and filtered through a 100 kDa MWCO filter. The solution containing components 
<100 kDa was reduced and alkylated to prevent disulfide scrambling, and analyzed via 
microfluidic CE-MS. Analysis of the filtrate is given in Figure 4.11a. Peaks for mAb light chain 
(LC) and heavy chain (HC) were detected in the electropherogram. Deconvolution of the mass 
spectrum associated with the heavy chain reveals glycoforms of the HC and also mass species 
corresponding to the addition of a drug load to a cysteine residue (Figure 4.11b). It is worth 
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noting that after alkylation the observed mass shift for a drug load is ~57 Da less than the 
nominal mass of the drug molecule. Thus, there are two forms of the HC that differ in the 
amount of drug conjugated to the molecules. Similar patterns are observed in the deconvoluted 
mass spectra for the two LC peaks in the electropherogram (Figure 4.11c), but the LC appears to 
have more conjugation heterogeneity than the HC. Based on the observed species in the filtrate, 
it appears that ADC-C is degrading in the formulation buffer to a certain degree. This could 
potentially be the reason that DAR 8 is not observed in the intact separation. Analysis of the LC 
and HC generated from the total ADC-C population could be helpful in determining whether 
DAR 8 is not present or is just degrading too much for analysis. If the average DAR calculated 
from this data more closely agrees with the value determined at Pfizer, it would indicate that 
DAR 8 is present, but is not being detected at the intact level during microfluidic CE-MS 
analysis.  
 
4.4 Conclusions 
 
To assess the utility of the microfluidic CE-MS method for characterizing ADCs three 
ADCs differing in terms of conjugation chemistry or drug load characteristics were analyzed. 
The first ADC, ADC-B, was generated from mAb-C (discussed in Chapter 2) using lysine-based 
conjugation chemistry to attach a peptide based drug load to the mAb structure. Post conjugation, 
in addition to DAR variants, the same charge variants were present in the resulting ADC-B 
sample as were observed in the mAb-C. The average DAR and DAR distribution for ADC-B was 
assessed based on the electropherogram. Five separate ADC-B species with different DARs were 
detected from the separation and mass spectral data with an average mass shift of 3145 Da. It 
was determined that a maximum of 4 drug loads were present on the mAb with an average DAR 
of 1.7. While the addition of a drug load should theoretically only reduce the mAb net charge by 
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1 unit, a relatively large decrease in mobility was seen due to conjugation. This is most likely 
attributable to changes in the hydrodynamic radius of the molecule induced by the size of the 
drug load. It was postulated that partial separation of conformational isomers was seen due to the 
band widths of DAR species 1-3 and reproducible shoulder features in the electropherogram. The 
mobility differences between such conformational isomers would be less than those caused by 
charge differences and more difficult to resolve in the CE domain. Altering the background 
electrolyte, raising the operating voltage, or increasing separation channel length could 
potentially increase the separation resolution and confirm or refute the presence of structural 
isomers.  
The properties of the ADC drug load and the type of conjugation chemistry used can 
significantly affect the charge heterogeneity of the ADC species. For instance, a cationic drug 
load negates the decrease in net charge associated with lysine conjugation and separation of 
DAR species would be dependent on conformational changes. For smaller drug loads this makes 
separation of the DAR species quite challenging. T-DM1 was analyzed via microfluidic CE-MS 
to assess the utility of this method for analyzing such ADCs. Six DAR species were detected in 
the deconvoluted mass spectrum in addition to glycoforms of the mAb and species that 
correspond to errors in the conjugation reaction. As expected, the resolution between the DAR 
species in the CE domain was lower than what was observed for ADC-B, but extracted ion 
electropherograms revealed that there was some separation of the DAR species occurring. The 
CE resolution generated for T-DM1 using this technique was comparable to that generated using 
IMS, but a specialized MS instrument is not required for microfluidic CE-MS analysis.  
 The third ADC, ADC-C, analyzed was generated using conjugation chemistry based on 
functionalization of cysteine residues. While this conjugation strategy produces a less 
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heterogeneous ADC population, analysis can be difficult because the conjugation process 
reduces the structural stability of the mAb. Similar to T-DM1, separation of the DAR species 
was mainly observed through generating extracted ion electropherograms for the DAR species. 
From the CE and MS data, DAR species 0-6 were detected during intact analysis with an average 
DAR of 3.52. This is not in agreement with values reported by Pfizer most likely due to the fact 
that the DAR 8 species was not observed. Subsequent experiments suggest that ADC-C could be 
degrading in the formulation buffer causing the highly conjugated DAR 8 to not be detectable at 
the intact level. Further experiments analyzing the LC and HC of the ADC population are needed 
to determine if the degradation is due to the microfluidic CE-MS analysis or poor sample 
stability.  
In this work we have demonstrated the use of microfluidic CE-ESI with online MS 
analysis for the characterization of intact antibody drug conjugates. This analysis method appears 
to be a simple, generic strategy for characterizing the charge heterogeneity of mAbs and ADCs 
with direct MS analysis. The method is particularly well suited for conjugation that produces a 
change in net charge of at least 1 due to lysine conjugation, a cationic drug load, a large drug 
load, or a combination of these factors. For ADCs with minimal changes in net charge, DAR 
distribution and average DAR can still be determined from the MS data even though resolution 
in the CE domain is limited. However, it may be possible to improve the CE resolution by 
increasing the length of the separation channel in the CE device or altering the BGE for certain 
molecules.  
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4.5 Figures and Tables  
 
 
Figure 4.1: Intact charge variant separation of ADC-B. Peaks are labeled with masses obtained 
by deconvolution of the mass spectrum associated with that peak. Pyroglutamic acid variants of 
each DAR species are labeled as having either an N-terminal Q or pyroE. (*) indicate 
reproducible shoulder features on the main peaks. The inset shows the deconvoluted mass 
spectrum for DAR 2 with identified glycoforms labeled. 
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Figure 4.2: Overlaid deconvoluted mass spectra for DAR species 0-4 generated from the 
electropherogram shown in Figure 1. The mass shift between neighboring DAR species is shown 
with an average mass shift calculated at 3145 Da. 
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Figure 4.3: Intact charge variant analysis of ADC-B (bottom) and ADC-B spiked with mAb-A 
(top). The intensity of the peaks highlighted in the box increases after the sample is spiked with 
mAb-A. 
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Figure 4.4: Plot of peak areas with respect to ADC-B concentration. Data points from 
concentrations 0.006 mg/mL to 1.5 mg/mL were used to generate the linear trend line for the 
most abundant DAR species, DAR-2. It was determined that the MS response remained linear 
when the concentration is less than or equal to 1.5 mg/mL ADC-B. Detector saturation occurs at 
higher concentrations. Data was generated from three replicate separations. 
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Figure 4.5: Comparison of infusion-MS and intact CE-ESI-MS analysis: a) mass spectrum of the 
pyroglutamic acid and N-terminal Q variants of the DAR 2 species (green, black) compared to an 
infusion of ADC-B containing all DAR species (blue). b) comparison of the +30 charge states of 
the DAR 2 species in the infusion spectrum and separation spectra. The 18 Da mass shift due to 
the cyclization of glutamine is not resolved in the infusion spectrum. 
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Figure 4.6: Degradation of the ADC drug load. a) Deconvoluted mass spectra for DAR species 
1-3 after three days of incubation at 45 °C. (*) indicates a degraded drug load. b) Plot of 
%degraded ADC species versus incubation time. 
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Figure 4.7: Intact microfluidic CE-MS analysis of T-DM1. a) Intact separation of T-DM1. It 
initially appears as though no separation of charge variants has been achieved. The inset shows 
overlaid extracted ion electropherograms for the DAR species revealing the partial separation of 
the ADC population. b) Raw mass spectrum for T-DM1 generated by averaging the mass scans 
across the width of the peak in (a). c) Deconvolution of the spectrum in (b). Five DAR species 
are detected along with glycoforms of the ADC and species due to incomplete conjugation 
(marked with *).   
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Figure 4.8: Intact analysis of mAb-C. Three main forms of the mAb are separated in the CE 
domain and identified as C-terminal lysine variants. Deconvolution of main isoform’s mass 
spectrum reveals several glycoforms of the mAb. 
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Figure 4.9: Intact analysis of ADC-C. a) Separation of intact charge variants. The same C-
terminal lysine variants are detected post conjugation. b) Deconvolution of the main isoform’s 
mass spectrum. DAR species ranging from 0-6 are detected. c) Extracted ion electropherograms 
reveals partial separation of the DAR species. 
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Figure 4.10: Raw and deconvoluted mass spectra for the ADC-C fragment. The charge envelope 
for intact ADC-C is centered around ~5000 m/z. In contrast, the ADC-C fragment indicated by 
the orange box appears at much higher m/z values. The inset shows the deconvolution of the 
ADC-C fragment. The deconvoluted masses agree with the loss of a light chain (LC) from the 
DAR species 2-6. 
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Figure 4.11: Analysis of ADC-C filtrate after filtering with a 100 kDa MWCO filter. a) 
Microfluidic CE-MS analysis reveals the separation of HC and LC species from ADC-C. b) 
deconvolution of the mass spectrum generated from the HC peak in the electropherogram. The 
mass shift of 319 Da between the two most abundant species is indicative of a drug load. 
Glycoforms of the more abundant HC species are also visible in the spectrum. c) overlay of the 
deconvoluted mass spectra for the two LC peaks in the separation. 
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Table 4.1: Migration times and apparent mobilities for DAR species. Data was generated from 
three replicate separations. 
ADC-B Band Migration Time (min) µapp (cm2/Vs) 
DAR 0 2.268 (±0.002) 2.449x10-4 (± 0.002x10-4) 
DAR 1 2.357 (±0.002) 2.357x10-4 (± 0.002x10-4) 
DAR 2 2.461 (±0.002) 2.258x10-4 (± 0.002x10-4) 
DAR 3 2.602 (±0.002) 2.135x10-4 (± 0.002x10-4) 
DAR 4 2.684 (±0.004) 2.070x10-4 (± 0.003x10-4) 
 
 
 
Table 4.2: Area percent of DAR species generated via microfluidic CE-MS, infusion-MS, and 
iCE. 
Species CE-MS Area % Infusion Area % iCE Area % 
DAR-0 7.7% 8.6% 5.8% 
DAR-1 31.2% 33.2% 29.1% 
DAR-2 45.9% 39.0% 44.8% 
DAR-3 13.1% 16.5% 16.7% 
DAR-4 2.1% 2.7% 3.6% 
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5 CHAPTER 5: MIDDLE-UP APPROACHES TO BIOTHERAPEUTIC 
MONOCLONAL ANTIBODY CHARACTERIZATION VIA MICROFLUIDIC CE-MS 
 
5.1 Introduction 
One of the goals of analytically characterizing monoclonal antibody (mAb) based 
therapeutics is to identify major and minor modifications to the molecules and ascertain if they 
affect drug potency or pharmacokinetic properties. A thorough characterization of mAb 
therapeutics generally involves analyzing the molecule at different levels ranging from intact 
analysis to amino acid composition. Each level provides different pieces of information that are 
necessary for obtaining a clear picture of the state of the molecule. For instance, top-down 
analysis of intact mAbs provides a broad view of the mAb population heterogeneity while a 
bottom-up mapping experiment can generate very specific information about modification sites.    
A common approach that can provide information about the general localization of 
modifications involves sectioning the mAb into moderately sized fragments either enzymatically 
or chemically. This is often referred to as a middle-up approach or middle-down if further 
fragmentation is performed in a mass spectrometer (MS).1–5 The benefits of this approach are 
two-fold: the challenges of intact mAb analysis are mitigated with the smaller mAb fragments 
and it can be ascertained if modifications are occurring in a location of the mAb that may affect 
its efficacy, such as the antigen binding region. Enzymatic fragmentation, or limited proteolysis, 
is often performed using Lys-C, papain, or IdeS to cleave the mAb in the hinge region.1,3,6 As 
illustrated in Figure 5.1, depending on the location of the cleavage site either Fab and Fc 
fragments (~50 kDa each) or F(ab´)2 (~100 kDa) and Fc fragments are generated. mAbs can also 
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be fragmented chemically to the light chains (LC) and heavy chains (HC) (~25 kDa and ~50 
kDa, respectively) using reducing agents such as dithiothreitol (DTT) or tris(2-
carboxyethyl)phosphine (TCEP). Both modes of fragmentation bring the size of the mAb 
analytes to be measured into a regime that is more manageable for many separation techniques.  
 Both chromatographic and electrophoretic separation techniques have been used to 
analyze mAb LC, HC, Fc, Fab, and F(ab´)2 fragments. At these reduced sizes minor 
modifications, such as oxidation or deamidation, can be separated from unmodified counterparts. 
Reversed phase liquid chromatography (RPLC) and ion exchange chromatography (IEC) have 
been shown to be effective in separating mAb fragments.6–10 RPLC methods for this analysis 
have also been effectively coupled to MS analysis for added levels of characterization.11–18 
However, it has been shown that without proper care, the harsh solvent conditions in 
combination with the elevated column temperatures needed to achieve efficient RPLC 
separations can induce artificial degradation.1,19,20  Common electrophoretic approaches to 
analyzing mAb fragments are capillary zone electrophoresis (CZE) or capillary gel 
electrophoresis (CGE). Successful demonstrations of both techniques for middle up analysis can 
be found in the literature although as is typical with electrophoretic techniques, these methods 
are not MS compatible.21–27 
The potential benefits of using CZE coupled to MS analysis for protein separations have 
been thoroughly described.28,29 Although recently there has been much interest in CE-MS 
techniques for characterizing biopharmaceuticals there have been few reports demonstrating the 
analysis of mAb fragments in the middle-up/down regime.30 In this work, a middle-up approach 
is utilized for analyzing biotherapeutic mAbs and ADCs. Both limited proteolysis and chemical 
reduction were evaluated. While both fragmentation strategies resulted in mAb fragments that 
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were able to be separated and detected with MS, microfluidic CE-MS analysis of the LC and HC 
from chemical reduction of the mAbs proved to be a more robust method.   
 
5.2 Experimental 
5.2.1 Materials and Reagents  
Deionized water was generated with a Nanopure Diamond water purifier (Barnstead 
International, Dubuque, IA). Optima LC/MS grade 2-propanol, acetonitrile, formic acid, acetic 
acid, and cysteine were obtained from Fisher Scientific (Fairlawn, NJ). The silane coating 
reagent 3-(aminopropyl)di-isopropyl-ethoxysilane (APDIPES) was purchased from Gelest 
(Morrisville, PA) and the methyl-terminated polyethylene glycol n-hydroxy succinimide ester 
(NHS-PEG450) was purchased from Nanocs Inc. (Boston, MA). Trichloro-(1H,1H,2H,2H-
perfluorooctyl)-silane, the papain protease, ethylenediaminetetraacetic acid (EDTA), ammonium 
bicarbonate, dithiothreitol (DTT), and iodoacetamide (IAM) was purchased from Sigma-Aldrich 
(St. Louis, MO). The monoclonal antibodies and antibody drug conjugates mAb-B, ADC-B, 
mAb-C, ADC-C, and mAb-D were provided by Pfizer Inc. (St. Louis, MO). Infliximab was 
provided by Waters Corporation (Milford, MA). 
 
5.2.2 Sample Preparation  
Infliximab and mAb-D were diluted to 5 mg/mL and 3 mg/mL, respectively, and papain 
digested in phosphate buffered saline with 20 mM cysteine and 20 mM EDTA at an enzyme to 
protein ratio of 1:50. It was found that the Infliximab digestion was complete in approximately 3 
hours at 37 °C while digestion of mAb-D required at least 5 hours. The digested mAbs were 
buffer exchanged to 0.2% acetic acid using 25 kDa molecular weight cutoff filters.  
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 For analysis of the LC and HC via reduction and alkylation, antibodies in formulation 
buffer were diluted to a concentration of 1 mg/mL with 50 mM ammonium bicarbonate buffer. 
Reduction of the disulfide bonds was performed with 20 mM DTT for ~30 minutes at 37 °C. The 
cysteine residues were alkylated with 40 mM IAM. The mAb samples were incubated with the 
IAM in the dark at room temperature for ~30 minutes. For microfluidic CE-MS analysis, the 
reduced and alkylated mAbs were diluted with 50 mM ammonium bicarbonate to 0.25 mg/mL. 
  
5.2.3 CE-ESI-MS Device Preparation and Operation  
The APS-PEG450 surface coating described in the introduction was used for this analysis 
and applied according to the procedures in Appendix 2. CE-ESI devices were operated by 
applying and controlling voltages as described in Appendix3. For the limited proteolysis 
experiments, bulk fluid flow for sustaining ESI was supplied via electroosmotic pumping and 
10% 2-propanol 0.2% acetic acid background electrolyte (BGE) was used. An electrokinetic 
(EK) injection scheme was used for sample injection. 
A 50/50 acetonitrile 1.0% formic acid BGE was used for LC/HC analysis. The pumping 
channel was coated with PEG450 and bulk fluid flow was generated by applying head pressure to 
the pumping reservoir. A hydrodynamic (HD) injection scheme, as described in Appendix 3, was 
used for sample manipulation and injection. The samples were injected at 0.75 psi. For this 
analysis +20kV and +2.5kV were applied to reservoirs 1 and 4, respectively, which resulted in a 
field strength of approximately 685 V/cm.  
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5.2.4 Data Analysis 
For the limited proteolysis experiments MS analysis was performed using a Waters LCT-
Premier (Waters Corporation, Milford, MA) operated according to the parameters listed in 
Appendix 4. A mass spectrum was generated for each species by averaging mass scans across the 
width of the peak at its base. Deconvolution of the resulting mass spectra was performed based 
on maximum entropy analysis using the MaxEnt1 deconvolution algorithm in the MassLynx 
software as described previously.3,31–33  
MS analysis of the reduced and alkylated mAbs was performed using a Thermo Exactive 
Plus EMR orbitrap mass spectrometer (Thermo Scientific, Watham, MA). Data were acquired 
over a mass range of 1000-3000 m/z at a resolution setting of 17500 with the in-source collision 
energy set to 80 and the S-lens RF at 80. Note that extended mass range (EMR) mode was not 
used for this analysis. A mass spectrum was generated for each species by averaging mass scans 
across the width of the peak. Integrated peak areas were generated using the Xcalibur software 
(Thermo Scientific) and deconvolution of the mass spectra was performed using Protein 
Deconvolution 3.0 software (Thermo Scientific, Watham, MA). 
 
5.3 Results and Discussion 
5.3.1 Analysis of Infliximab via Papain Digestion  
Figure 5.2 shows the separation of an Infliximab papain digestion using a 23 cm APS-
PEG450 device with a 10% 2-propanol 0.2% acetic acid background electrolyte. Each peak is 
labeled with the associated deconvoluted mass. No intact antibody is detectable indicating the 
digestion was complete. The triplet of peaks corresponding to the lysine variants of the Fc region 
is apparent as the first three peaks in the electropherogram.  The MWs of these species differ by 
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approximately 128 Da, which is in agreement with the expected mass shift for the truncation of a 
C-terminal lysine. The resolution between the C-terminal lysine charge variants is greater when 
the Fab region of the antibody is removed. Intact analysis resulted in a resolution of 1.2 between 
C-terminal lysine variants. This was increased to 1.4 after digestion with papain. The 
deconvoluted and labeled mass spectra of the Fc fragments is given in Figure 5.3.  The 
differences in mass due to glycan variants within a specific Fc fragment are easily seen in the 
deconvoluted mass spectrum. There are also a significant number of phosphate adducts detected 
as a mass increase of ~98 Da. It appears that phosphate ions from the digestion conditions 
remain associated with the mAb fragments despite buffer exchanging these samples to 0.2% 
acetic acid. This could potentially be alleviated by carrying out the digestion in a volatile buffer, 
such as ammonium bicarbonate or ammonium acetate. 
Peaks four and five are thought to correspond to Fab fragments because they lack the 
characteristic mass pattern associated with glycan structures. Deconvolution of the mass 
spectrum corresponding to the most abundant Fab fragment is provided in the Figure 1 inset. 
Aside from the phosphate adduct there are no other major mass species detected that could be 
attributed to post translational modifications or degradation. The mass shift between this Fab 
species and the minor acidic Fab variant is 367 Da. The remaining features of the 
electropherogram have associated masses of ~23 kDa. This is approximately half the mass of an 
Fc or Fab fragment so it is thought that these features are the result of the fragments dissociating 
into light and heavy chain pieces during the separation. This hypothesis is supported by the 
presence of a long trail of 23 kDa species indicating that the dissociation is occurring during the 
separation rather than in the sample solution.  
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5.3.2 Analysis of mAb-D via Papain Digestion 
mAb-D is an IgG-2 that has been engineered with a second glycosylation site in the Fab 
region in addition to the highly conserved glycosylation site in the Fc domain. The glycans at 
this site become sialylated creating a very complex charge heterogeneity profile, and 
microfluidic CE-MS analysis of intact mAb-D does not result in significant resolution between 
the charge variants of the molecule (Figure 5.4a). However, the mass spectrum is not 
homogeneous across the width of the peak indicating that some degree of separation is occurring 
in the CE domain, and in the deconvoluted spectra (Figure 5.4b), the presence of sialylated 
glycans can be detected by mass shifts of ~291 Da between species. Thus, a middle-up approach 
to analyzing this molecule could increase the amount of information generated for this mAb.  
mAb-D was digested with papain in the presence of cysteine to produce Fc and Fab 
fragments of the mAb. Because the glycan structures in the Fab region are sialylated, the Fab 
fragments should separate based on charge due to these residues in addition to any other 
modifications that change the net charge. Microfluidic CE-MS analysis of the fragmented mAb 
is provided in Figure 5.5a. Several peaks are detected in the electropherogram and deconvolution 
of the mass spectra associated with these species aided in their identification. The higher 
mobility fragments were identified as Fc fragments with the main isoform at a mass of 52310 
Da. Different glycan structures on the Fc glycosylation site can be detected in the deconvoluted 
spectra for the Fc species. There are several minor variants of the Fc fragments separated in the 
CE domain. The basic variant at 52253 Da differs by a mass of 57 Da while the acidic variants at 
52324 Da and 52538 Da differ by 14 Da and 228 Da, respectively. The 14 Da mass shift between 
the main isoform and the first acidic variant is similar to that of oxidation. A reduction in 
electrophoretic mobility has been seen with oxidized peptides, so it is possible that this Fc 
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species is an oxidized variant. The identity of the remaining basic and acidic variants is not 
immediately apparent. The mass shifts do not agree with any common protein modifications. It 
has been noted in the literature that limited proteolysis via papain can be subject to variability in 
the cleavage site on the mAb. Thus, it is possible that these variants are due to inconsistencies in 
the digestion of the mAb. The Fab fragments are present in the latter half of the 
electropherogram and are slightly lower in mass than the Fc fragments. Figure 5.5b shows the 
deconvoluted mass spectra for the labeled Fab fragments and identified glycoforms of the Fab 
fragments. The addition of sialic acids is detected by mass shifts of 291 Da between glycoforms 
and a reduction in electrophoretic mobility due to the added negative charge. The addition of up 
to 2 sialic acids is detected from the CE separation and mass spectral information. 
As is obvious from Figure 5.5a, the peaks corresponding to the Fab domain are 
significantly broader than those of the Fc domain. Also, overlap between the Fab glycoforms is 
apparent in the deconvoluted spectra. To better assess the peak shapes of the Fab species, 
extracted ion electropherograms were generated for the most abundant glycoforms differing in 
sialylation levels and are overlaid in Figure 5.6. The peaks appear as doublets with no 
immediately apparent reason why. Since the deconvoluted masses are consistent between the Fab 
peaks, a possible explanation is that the Fab fragments are assuming different conformations in 
solution. These structural conformations would have to be different enough to induce a 
significant change in the hydrodynamic radius and, thus, electrophoretic mobility. This 
explanation could also account for the poor peak shape of the Fab fragments. If the Fab 
fragments exist in a variety of different structural conformations, then they could exhibit a 
variety of electrophoretic mobilities corresponding to the conformations. This would manifest as 
apparent band broadening in the CE domain.   
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Between the Fc and Fab fragment peaks there are species that do not appear to be from 
either domain. This is based on the appearance of the raw mass spectra. Figure 5.7 compares the 
raw mass spectra of the Fc main isoform, Fab-2 peak, and the unknown species. Both the Fc and 
Fab species appear at much higher m/z values while the unknown species appear at much lower 
values. This could simply indicate higher charging on the molecule due to greater denaturation or 
disruption of the fragment’s structure. However, as discussed before this is not ideal as it can 
lead to band broadening or multiple peaks for one species.  
Limited proteolysis with papain digestion generated smaller mAbs fragments that were 
separated via CE-MS. This generated information about the different regions of the mAb that 
was not apparent at the intact level. Glycoform information was generated for the Fc and Fab 
regions separately. However, the different Fc charge variants detected during analysis do not 
appear to be due to common protein modifications. It is not apparent whether these modifications 
are characteristic of the analyte or caused by the digestion process. Additionally, the Fab 
fragments do not cleanly separate, complicating data interpretation. While this analysis approach 
was successful in generating more resolved mAb species and general information about 
modification localization, the overall result is not ideal. Using a more specific protease to cleave 
the mAb, such as the IdeS protease, could make the digestion more reproducible and improve 
data interpretation. 
 
5.4 Reduction and Alkylation of mAbs.  
Around the same time the limited proteolysis approach was being explored, reduction and 
alkylation of the mAbs was being evaluated as an alternative middle-up technique. Once 
optimized, this strategy was found to be faster, easier, and to produce more reliable results. 
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Recent studies analyzing reduced mAbs via CE-MS reported issues with maintaining solubility 
of the LC and HC.30 Initially, similar problems were encountered during sample processing 
because the mAb fragments had to be desalted and acidified to make them compatible with EK 
injections. It appeared that this process caused most of the HC species to aggregate and 
precipitate out of solution. However, once the HD based injection strategy was developed, these 
desalting steps were eliminated. It was then determined that the liberated polypeptide chains 
remain relatively stable when kept in a neutral or slightly basic aqueous solution and then 
analyzed using a BGE with fairly high levels of organic modifier and acid. In this case, 50/50 
acetonitrile/water with 1% formic acid was found to be optimal in terms of separation resolution 
and MS signal quality. 
 
5.4.1 Analysis of a Reduced and Alkylated mAb-B.  
mAb-B is a relatively simple IgG-2. Prior analysis of the intact mAb via microfluidic CE-
MS revealed three main charge variants of the mAb and that the glycoform heterogeneity is 
fairly low.34 Thus, this molecule was chosen for developing the method for analyzing reduced 
and alkylated mAbs using microfluidic CE-ESI technology. Reduced and alkylated mAb-B was 
analyzed via microfluidic CE-MS. Approximately 1.3 nL of sample was injected which 
corresponds to 317 pg of mAb. The resulting electropherogram is provided in Figure 5.8a. 
Analysis of the reduced mAb was complete in less than 3 minutes. As listed in Table 5.1, 
migration times of the species are reproducible with less than 1% relative standard deviation.   
Several peaks are present in the resulting electropherogram that correspond to LC and 
HC species. Deconvolution of the mass spectra generated masses that facilitated the 
identification of species in the electropherogram. At approximately 23.5 kDa, the earliest 
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migrating species was identified as mAb-B LC. There are no other peaks detected in the 
electropherogram that would indicate net charge altering modifications to the LC, but minor 
species (<5%) differing in mass are present in the deconvoluted spectrum (Figure 5.8b). The 
heavier mass species in the deconvoluted spectrum could be attributed to potassium or phosphate 
adducts on the LC. The lighter mass species at 23592 Da is 44 Da lighter than the main LC 
variant. A loss of 44 Da is characteristic of a decarboxylation event. This can change the net 
charge of a molecule due to loss of a carboxylic acid group, but under the acidic conditions used 
for this analysis these groups are likely to be protonated so a change in net charge may not be 
observed.  
The remaining species in the electropherogram are HC variants. Deconvolution of the 
main isoform mass spectrum reveals several glycoforms of the HC as indicated in Figure 5.8b 
with the most abundant being the G0F glycoform. The basic variant of the HC differs in mass by 
18 Da from the main isoform. This mass shift is indicative of pyroglutamic acid formation at the 
N-terminus and the decrease in electrophoretic mobility agrees with this assignment. This type of 
modification was also identified in this molecule at the intact level using microfluidic CE-MS as 
reported previously.34 The two acidic HC variants differ in mass from the main isoform by 1 Da 
and 2 Da, respectively, and also decrease in electrophoretic mobility. This indicates the 
modification induces a decrease in net charge and is most likely caused by deamidation. 
Deamidated forms of mAb-B were not detected at the intact level using microfluidic CE-MS. 
Most likely this is due to the low abundance of these species and the limited resolving power of 
the MS instrument.  
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5.4.2 Analysis of Reduced and Alkylated mAb-D.  
Approximately 1 nL of reduced/alkylated mAb-D sample solution was injected. This 
equates to ~245 pg of mAb reduced. The microfluidic CE-MS analysis of reduced and alkylated 
mAb-B is provided in Figure 5.9a and 8b. Several peaks are present in the electropherogram that 
correspond to the LC and variants of the HC. Their migration times and electrophoretic 
mobilities can be found in  
 
 
Table 5.2. A single LC peak was detected at 2.24 minutes with the most abundant species 
at a mass of 24000 Da. Minor mass modifications of the LC were detected in the deconvoluted 
mass spectrum. The -44 Da and +37 Da variants identified in mAb-B were also detected in mAb-
D. The 23941 Da variant is 59 Da lighter than the main LC species and is likely due to an 
unalkylated cysteine. The minor 24164 Da variant is 164 Da heavier than the main species and 
could be attributed to glycation of the LC. The 24128 Da variant is not as easily identified. A 128 
Da mass shift is often indicative of a lysine residue. This type of modification would also be 
accompanied with a change in electrophoretic mobility due to the extra positive charge, but no 
mobility shift is seen for this species. However, the presence a glutamine residue at the N-
terminus would result in a similar mass shift, but not induce a change in net charge. Further 
experiments are needed to identify this LC variant. 
As mentioned above, the HC of mAb-D is expected to bear sialylated glycans. 
Glycoforms of the HC differing in the amount of sialylation should be easily separated in the CE 
domain because sialic acids cause a reduction in net charge. Six individual HC species were 
detected as discrete peaks in the electropherogram (Figure 5.9a). Deconvolution of the mass 
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spectra for the HC peaks revealed significant glycoform heterogeneity (Figure 5.9b). This is to 
be expected as the measured masses are a function of both the Fc and Fab glycans present on the 
HC. Table 5.3 lists the detected glycoforms of the mAb-D HC and their assignments based on 
mass and changes in electrophoretic mobility. Prior characterization of this molecule determined 
that sialylation only occurs on the Fab glycans, which facilitated glycoform identification.35 
Mass shifts of 291 Da were detected between the most abundant HC peaks indicating that the 
reduction in electrophoretic mobility is due to the addition of sialic acids. Overall, 16 glycoforms 
of the mAb-D HC were identified with up to 3 sialic acids on the Fab glycan structures. It is 
worth noting that some combinations of glycan structures are identical in mass and thus cannot 
be differentiated without further analysis.  An additional HC variant migrating at 2.48 minutes is 
3 Da heavier than the most abundant glycoform and has a lower electrophoretic mobility. This 
variant accounts for ~2.0% of the unmodified glycoform and is most likely due to deamidation of 
the HC. 
 
5.4.3 Analysis of Reduced and Alkylated ADC.  
mAb-B was conjugated with a peptide drug molecule using lysine based chemistry 
described previously36 to create the antibody drug conjugate, ADC-B. Briefly, a conjugation 
event is characterized by a mass increase of 3145 Da and a decrease in net charge due to the 
reaction with the lysine side chain. Analysis of mAb-Ac at the intact level using the previously 
described microfluidic CE-MS method determined a maximum drug to antibody ratio (DAR) of 
4 with an average DAR of 1.7.34 However, information about where conjugation occurred on the 
mAb structure was not generated through intact analysis. Reducing the ADC to its light and 
heavy chains can provide insight into the general localization of the drug loads. Thus, ADC-B 
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was reduced, alkylated, and analyzed via microfluidic CE-MS. An injection volume of ~1.3 nL 
was used corresponding to ~317 pg of ADC. The resulting electropherogram is provided in 
Figure 5.10. The separation profile is similar to that of mAb-A though there are now additional 
species corresponding to conjugated LC and HC. Table 5.4 lists the migration times and 
electrophoretic mobilities of the separated LC and HC species. After deconvolution to obtain 
masses, it was evident that a majority of the drug loads are conjugated to the LC. The 
conjugation chemistry used to create ADC-B is nonspecific and the more solvent accessible 
lysine residues are preferentially conjugated. Based on this, it can be surmised that although 
there are nearly twice as many lysine residues in the HC of mAb-B, the majority are not 
accessible for conjugation due their orientation within the overall mAb structure. Of the LC 
species detected, 14.6% are unconjugated while 81.4% and 4.0% are singly and doubly 
conjugated, respectively. Comparatively, only a small amount of the HC is conjugated (1.4%). 
These percentages can be used to calculate the average DAR of ADC-B using Equation 4.137: 
 
 
𝐷𝐴𝑅𝑎𝑣𝑔 =  2 ×
∑ 𝑛𝐴%𝐿𝐶 + ∑ 𝑛𝐴%𝐻𝐶
100
 (4.14) 
 
where n is the number of drug loads and A% is the area percent for the given LC or HC species. 
The average DAR was calculated to be 1.8, which agrees very well with the average DAR 
obtained through intact analysis of ADC-B.34 
Although both the LC and HC are conjugated with the same drug load, the mobility shift 
due to conjugation is quite different for the two polypeptide chains. Conjugation of the LC 
results in a decrease in electrophoretic mobility of ~0.2x10-4 cm2/Vs while conjugation of the HC 
only decreases the electrophoretic mobility by ~0.04x10-4 cm2/Vs. This is not surprising as the 
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mass of the drug load is ~13% of the mass of the LC but only ~6% of the mass of the HC; it is 
reasonable to expect this to increase its hydrodynamic radius, and thus decrease its 
electrophoretic mobility. However, the mobility shift caused by conjugation of the HC is perhaps 
lower than would be expected based on the mobility shift seen with the LC. In fact, the 
conjugated HC co-migrates with the deamidated form of the HC indicating that the mobility shift 
between the two variants is not significantly different. The reason for this is not readily apparent 
and could be due to the conformation of the HC in solution. If the HC is tightly folded with the 
drug load it is possible that the hydrodynamic radius is not significantly affected and the mobility 
shift is dominated by the reduction in net charge. 
 
5.4.4 Analysis of Reduced and Alkylated ADC-C.  
In the previous chapter a cysteine linked ADC denoted at ADC-C was analyzed at the 
intact level. The average DAR calculated did not agree with the average DAR calculated by 
collaborators at Pfizer (3.52 at UNC versus 4.55 at Pfizer). There was also evidence of 
degradation and the highest level of conjugation, DAR 8, was not detected via microfluidic CE-
MS analysis. To further assess the potential degradation of this molecule, ADC-C was reduced 
and alkylated and analyzed via microfluidic CE-MS. The resulting electropherogram is provided 
in Figure 5.11. The LC separates in the CE domain based on the number of drug loads 
conjugated to it, while only one main HC peak is detected. Deconvolution of the mass spectrum 
associated with the HC peak reveals that conjugated HC species are present, but the CE 
resolution is limited. The inset of Figure 5.11depicts overlaid extracted ion electropherograms 
for the various conjugated HC species. Although it is slight, there is a shift in migration time due 
to conjugation of the HC. Based on the integrated peak areas, the HC is 14.6% unconjugated, 
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while 35.2% bears a single drug load, 25.5% bears two, and 24.7% bears three. The LC is 26.0% 
unconjugated, while 74.0% bears one drug load. The average DAR can be calculated using these 
distributions and Equation 5.1. For this analysis, the average DAR was calculated to be 4.69. 
This value is in better agreement with the data provided by Pfizer for this molecule. This value 
confirms that DAR-8, which was not detected at the intact level via microfluidic CE-MS 
(Chapter 4, Figure X), is present in the ADC-C sample. This also supports the hypothesis that 
some level of degradation is occurring before or during analysis. Since conjugated LC and HC 
were present in the filtrate when the ADC-C stock was filtered, it seems likely that DAR-8 is 
becoming unstable in the formulation buffer.  
 
5.5 Conclusions 
This work demonstrates middle-up analysis of mAb fragments using microfluidic CE-
MS. The initial strategy to achieve this focused on limited proteolysis of the mAbs via papain 
digestion to generate Fc and two Fab fragments. For Infliximab, reducing the size of the analyte 
molecule increased the resolution between the C-terminal lysine variants. For the doubly 
glycosylated mAb-D, differences in the Fc and Fab glycan structures could be detected in the 
deconvoluted mass spectra and differentiated in the CE domain based on the degree of Fab 
glycan sialylation. However, there were charge variants of both fragments detected in the CE 
separation of both mAbs that were not readily identified. It is possible that irreproducibility in 
the cleavage site on the mAbs resulted in some of the anomalous species detected. Utilizing a 
more specific protease could alleviate these problems and make this approach more reliable and 
informative. 
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Analysis of the reduced and alkylated mAbs proved to be much more successful. The LC 
and HC of the mAbs analyzed were baseline resolved in less than 3 minutes with excellent 
reproducibility. Additionally, the method described here not only resulted in efficient CE 
separations, but also high quality mass spectra that facilitated the identification of modifications 
to the polypeptide chains. Two variants of the mAb-B LC were identified in the deconvoluted 
spectrum along with adducts of the main LC variant. Four peaks associated with the HC were 
separated and identified as pyroglutamic acid variants and deamidated forms of the HC, the latter 
of which were not detected at the intact level. Glycoforms of the HC were also identified in the 
deconvoluted spectrum.  
This method also proved successful for analyzing more complex antibody based 
therapeutics. Identification of sixteen glycoforms of the doubly glycosylated mAb-D was 
facilitated by both the CE separation and mass spectral data. The HC glycoforms separated in the 
CE domain based on the number of sialic acids in the glycan structures. Additional glycoform 
modifications that do not induce a change in net charge were identified in the deconvoluted mass 
spectra of the HC species. Analysis of the LC and HC of ADC-B provided information on the 
general localization of the conjugation sites on the mAb structure. The drug loads preferentially 
reacted with lysine residues on the LC implying that these residues are more solvent accessible 
than the lysine residues of the HC. The average DAR was also calculated and found to agree well 
with the average DAR calculated from intact analysis of the ADC. Analysis of ADC-C 
confirmed the presence of a higher level DAR species, DAR-8, that was not detected during 
intact analysis, indicating that the species most likely degraded in the formulation buffer.  
The results presented here demonstrate the feasibility of using microfluidic CE-MS for 
characterizing reduced and alkylated mAbs. After the initial reduction and alkylation, minimal 
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sample preparation is necessary for analysis of the mAb samples. The analysis times are 
significantly shorter than many chromatography or electrophoresis based analyses indicating that 
this method has the potential to be a simple, rapid technique for mAb characterization. Also, 
elevated temperatures that could be detrimental to the mAbs are not required to achieve efficient 
separations. The same device design has been used for intact analysis of mAbs and ADCs simply 
by changing the BGE composition. Thus, the same microfluidic CE-ESI device can be used for 
multiple levels of mAb characterization.  
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5.6 Figures and Tables 
 
 
Figure 5.1: mAb fragments generated using chemical and enzymatic sample processing for 
middle-up and middle-down analysis.  
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Figure 5.2: Electropherogram showing the separation of 5 mg/mL Infliximab papain digestion in 
10% 2-propanol 0.2% acetic acid using a 23 cm APS-PEG450 coated device.  The inset shows the 
deconvoluted mass spectrum for the most abundant Fab species. Instrument: Waters LCT-
Premier 
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Figure 5.3: Deconvolution of the mass spectra associated with the Fc fragments separated in the 
CE domain. The mass shift of 128 Da between the C-terminal lysine variants is easily detectable. 
Glycoforms of the Fc fragments are also apparent in the deconvoluted spectra. (*) indicates a 
phosphate adduct. 
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Figure 5.4: Intact charge variant separation of mAb-D via microfluidic CE-MS. a) 
Electropherogram generated from the CE separation of mAb-D. b) Deconvolution of the mass 
spectra associated with the marked regions in the electropherogram. 
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Figure 5.5: Analysis of papain digested mAb-D. a) Electropherogram resulting from the CE 
separation of the mAb fragments. The Fc fragments migrate faster than the Fab fragments. The 
inset shows the deconvolution of the most abundant Fc species. b) Deconvolution of the mass 
spectra associated with the Fab fragment peaks. Glycoforms of the Fab fragments are labeled in 
the spectra. Instrument: Waters LCT-Premier 
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Figure 5.6: Extracted ion electropherograms for the most abundant Fab glycoforms that differ in 
the degree of glycan sialylation. The peaks appear as doublets rather than single discrete bands. 
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Figure 5.7: Comparison between the raw mass spectra for the most abundant Fc fragment, Fab-2 
fragment, and unidentified fragments that migrate between the two. The unidentified fragments 
appear to be more highly charged. 
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Figure 5.8: Microfluidic CE-MS analysis of reduced and alkylated mAb-B. a) Separation of the 
LC and HC of mAb-B. Several modifications to the HC are separated including deamidations 
and pyroglutamic acid formation. The inset shows an expanded view of the separation window 
with labeled peaks. b) Deconvolution of the mass spectra associated with the main LC and HC 
peaks in the electropherogram. 
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Figure 5.9: Microfluidic CE-MS analysis of mAb-D. a) Electropherogram generated from the 
microfluidic CZE separation of reduced/alkylated mAb-D. The inset shows an expanded view of 
the separation window with labeled peaks. Six different HC variants are separated. HC-2 through 
HC-5 separate based on different levels of glycan sialylation. b) Deconvolution of the mass 
spectra associated with HC-2 through HC-5. Additional glycoforms are present within the 
different levels of sialylation due to heterogeneity among the Fc and Fab glycans. 
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Figure 5.10: Electropherogram resulting from microfluidic CE-MS analysis of reduced and 
alkylated ADC-B. In comparison to the results from mAb-B, additional LC and HC species are 
detected corresponding to the addition of a drug load to the polypeptide chain. An (*) indicated 
the presence of a drug load. 
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Figure 5.11: Microfluidic CE-MS analysis of reduced and alkylated ADC-C. The inset shows 
overlaid extracted ion electropherograms for the conjugated HC species. 
Table 5.1: Peak migration times and electrophoretic mobilities associated with LC/HC species of 
mAb-B. Measurements were generated from four replicate runs. 
Species Migration t (min) RSD µEP (cm2/V s) 
LC 2.10 (±0.01) 0.80% 2.81x10-4 
HC-basic 2.22 (±0.02) 0.88% 2.66x10-4 
HC-main 2.26 (±0.02) 0.86% 2.61x10-4 
HC-acidic 1 2.29 (±0.02) 0.89% 2.57x10-4 
HC-acidic 2 2.31 (±0.02) 0.88% 2.55x10-4 
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Table 5.2: Peak migration times and electrophoretic mobilities associated with LC/HC species of 
mAb-B. Measurements were generated from three replicate runs. 
Species Migration t (min) RSD µEP (cm2/V s) 
LC 2.23 (±0.01) 0.37% 2.64x10-4 
HC-1 2.27 (±0.01) 0.38% 2.59x10-4 
HC-2 2.33 (±0.01) 0.38% 2.53x10-4 
HC-3 2.38 (±0.01) 0.40% 2.47x10-4 
HC-4 2.42 (±0.01) 0.39% 2.43x10-4 
HC-5 2.45 (±0.01) 0.40% 2.41x10-4 
HC-6 2.48 (±0.01) 0.44% 2.38x10-4 
 
 
Table 5.3: Assigned glycoforms of the mAb-B HC. 
Migration Time (min) Glycoform Mass (Da) Fc/Fab 
2.27 51190 A2G1F/aglyco 
2.33 52433 
A1G0F/A2G1F or 
A2G1F/A1G0F 
2.33 52593 
A1G0F/A2G2F or 
A2G2F/A1G0F 
2.33 52635 
A2G0F/A2G1F or 
A2G0F/A2G0F 
2.33 52796 
A2G0F/A2G2F or 
A2G1F/A2G1F 
2.33 52959 
A2G1F/A2G2F or 
A2G2F/A2G1F 
2.38 53088 
A2G0F/A2G2FS1 or 
A2G1F/A2G1FS1 
2.38 53250 
A2G1F/A2G2FS1 or 
A2G2F/A2G1FS1 
2.38 53413 A2G2F/A2G2FS1 
2.38 53615 
A2G0F/A3G3FS1 or 
A2G1F/A3G2FS1 
2.42 53541 A2G1F/A2G2FS2 
2.42 53704 A2G2F/A2G2FS2 
2.42 53907 
A2G1F/A3G3FS2 or 
A2G2F/A3G2FS2 
2.45 54198 A2G1F/A3G3FS3 
2.45 54361 A2G2F/A3G3FS3 
2.45 54563 
A2G1F/A4G4FS3 or 
A4G2F/A4G4FS3 
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Table 5.4: Peak migration times and electrophoretic mobilities associated with LC/HC species of 
mAb-B. Measurements were generated from four replicate runs. 
Species Migration t (min) RSD µEP (cm2/V s) 
LC 2.10 (±0.02) 1.14% 2.81 x10-4 
LC* 2.22 (±0.03) 1.20% 2.65 x10-4 
HC-main 2.26 (±0.03) 1.20% 2.61 x10-4 
HC* 2.30 (±0.03) 1.23% 2.57 x10-4 
HC-acidic 2 2.32 (±0.03) 1.26% 2.55 x10-4 
LC** 2.39 (±0.03) 1.27% 2.47 x10-4 
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6 CHAPTER 6: EVALUATION OF TRANSIENT ISOTACHOPHORESIS 
INTEGRATED WITH MICROFLUIDIC CAPILLARY ELECTROPHORESIS-MASS 
SPECTROMETRY FOR BOTTOM-UP PROTEIN MAPPING 
 
6.1 Introduction  
Bottom-up proteomics has long been the go-to method for quantifying proteins in 
biological samples.1–3 The basic premise is an enzyme is used to cleave proteins into smaller 
peptide fragments that are then separated and identified via mass spectrometry (MS). As 
compared to top-down proteomics,4–8 this approach has achieved prevalence due to the relative 
ease with which peptides are analyzed using both separation techniques and mass spectrometry. 
A variant of this technique in which only one protein is analyzed is called bottom-up mapping. 
Mapping experiments generate site-specific information about modifications to the protein 
structure. In the realm of biopharmaceuticals, this can be extremely useful for identifying 
whether modifications have occurred at sites known to affect drug safety and efficacy. While this 
type of experiment is typically performed using liquid chromatography-mass spectrometry (LC-
MS), the analysis could benefit from using microfluidic capillary electrophoresis-mass 
spectrometry (CE-MS). Due to the lack of stationary phase all injected peptides (both 
hydrophobic and hydrophilic) migrate through the capillary.9 This combined with the high 
efficiency separations achieved with microfluidic CE generates the potential for achieving better 
characterization of the protein.  
A typical bottom-up mapping workflow uses the following steps: The protein is first 
denatured using chemicals and/or heat to disrupt the folding structure. The disulfide bonds are 
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reduced using reagents, such as dithiothreitol (DTT), and the cysteine residues are alkylated to 
prevent disulfide bond scrambling (randomized formation of disulfide bonds). The chosen 
enzyme is added and the protein/enzyme solution is incubated for several hours.10 A variety of 
enzymes can be used that differ in the location at which they sever the protein’s backbone.11–14 
For instance, trypsin, which is one of the most frequently used enzymes, cleaves proteins at the 
C-terminal side of lysine and arginine residues.  The resulting peptide fragments are then 
separated and identified based on tandem MS/MS analysis. As illustrated in Figure 6.1, this 
involves analyzing the parent peptide ion and then fragmenting that ion further in the mass 
spectrometer. The parent peptides tend to fragment along the peptide backbone and the 
fragments are classified by which side of the cleavage site bears the positive charge. If the charge 
remains on the C-terminal side the ions are classified as an, bn, or cn ions and if the charge 
remains on the N-terminal side of the cleavage site the ions are classified as xn, yn, or zn ions.
15 
This fragmentation is necessary to elucidate the differences between parent peptides with the 
same or very similar elemental compositions. Using specialized computer software, the masses 
of the parent and fragment ions are compared to theoretical proteolytic masses and used to 
confirm the identity of the parent peptide and any residues modified with post translational 
modifications (PTMs).1,2,16 The identified peptides and detected modifications are then used to 
assess the original protein.  
In bottom-up mapping experiments, detecting and identifying peptide fragments that span 
the entire sequence of the protein is necessary. The degree to which this is achieved is called 
sequence coverage and a sequence coverage of >90% is desirable.17 The achieved sequence 
coverage is partly dependent on the accurate identification of the peptides. A sufficient amount 
of MS signal intensity must be obtained for the parent peptide ion to confidently detect the 
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fragments of that ion. As illustrated in Figure 6.1, the signal intensity for the parent ion is divided 
between the fragments, so the signal intensity will be lower than that of the parent ion.  
RPLC-MS is well established as the workhorse technique for performing bottom-up 
analysis. RPLC benefits from the ability to load a large amount of sample onto the head of the 
column.2,3 This focuses the peptides into a narrower sample plug before separation on the 
column. Thus, a tremendous amount of concentration enhancement can be obtained with little 
loss in separation efficiency. The injection volumes for capillary electrophoresis (CE) analysis, 
however, are limited by the small dimensions of the capillary or microfluidic channels. As 
mentioned in Chapter 1, the total column volume of a capillary used for CE can easily be less 
than 10 µL. This is close to a typical injection volume used for RPLC. Therefore, to achieve 
comparable results for bottom-up mapping with CE-MS, concentration enhancement techniques 
must be used to bolster the loading capacity of the system.  
 There are numerous demonstrations in the literature of concentration enhancement 
techniques for CE.18–22  These generally involve exploiting the effects of conductivity 
mismatches between the sample and separation background electrolyte (BGE). One such 
technique is transient isotachophoresis (tITP).19,23–28 This technique involves hydrodynamically 
injecting a bolus of sample containing a large amount of a high mobility ion called the leading 
electrolyte. The leading electrolyte should have a higher mobility than the analyte ions and be at 
a concentration that makes the conductivity of the sample higher than that of the separation BGE 
(Figure 6.2).23 The difference in field strengths between the sample region and the rest of the 
capillary cause analyte ions to focus into a narrow band at the trailing boundary of the injection 
plug. As the leading electrolyte migrates out of the sample region, the conductivity reduces to 
match that of the BGE and zone electrophoresis separation of the analyte ions occurs.23 Using 
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tITP a very large volume of sample can be injected into the capillary with the focusing effects 
preserving the separation efficiency. This strategy has been used with CE-MS systems and 
resulted in very high sequence coverages for mAb-based therapeutics.9,29–31 
This approach, however, is not possible with gated electrokinetic (EK) injections that 
until recently had been the main injection strategy used with our devices.  As will be discussed 
further, the electrophoretic mobility based bias prevents adequate injection of analyte ions from 
high conductivity samples. As mentioned in Chapter 1, an alternative hydrodynamic (HD) based 
injection scheme was recently developed for use with microfluidic CE-ESI devices. This 
approach facilitates the injection of sample solutions of higher conductivity than the BGE; and 
tITP can be performed to enhance the sample loading capabilities. This chapter evaluates the 
concentration enhancement effects of tITP and the advantages of using it to assist in protein 
mapping experiments via microfluidic CE-MS. 
 
6.2 Experimental 
6.2.1 Materials and Reagents.  
Deionized water was generated with a Nanopure Diamond water purifier (Barnstead 
International, Dubuque, IA). Optima LC/MS grade 2-propanol, acetonitrile, formic acid, and 
acetic acid were obtained from Fisher Scientific (Fairlawn, NJ). The silane coating reagent 3-
(aminopropyl)di-isopropyl-ethoxysilane (APDIPES) was purchased from Gelest (Morrisville, 
PA) and the methyl-terminated polyethylene glycol n-hydroxy succinimide ester (NHS-PEG450) 
was purchased from Nanocs Inc. (Boston, MA). Trichloro-(1H,1H,2H,2H-perfluorooctyl)-silane 
and dithiothreitol (DTT) was purchased from Sigma-Aldrich (St. Louis, MO). The MassPrep 
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phosphorylase b protein digest was purchased from Waters Corporation (Milford, MA). The 
monoclonal antibody (mAb) was provided by Biogen (Cambridge, MA). 
6.2.2 Lys-C Digestion of mAbs.  
150 g of mAb was denatured and reduced in 100 L of a 250 mM TRIS buffer at pH 8 
with 8M guanidine HCl and 100 mM DTT. The solution was incubated at room temperature with 
gentle shaking for approximately 30 minutes. The reduced and denature mAb was diluted to 335 
L with 50 mM sodium phosphate buffer pH 7.2. To achieve an enzyme to substrate ratio of 
1:10, 15 g of rLys-C was added to the mAb solution. The digestion was allowed to proceed 
overnight at room temperature. Sample clean-up was performed using Waters Oasis HLB solid 
phase extraction (SPE) cartridges. After the cartridges were conditioned, the digestion solution 
was acidified with formic acid and passed through the cartridge. The extraction bed containing 
adsorbed peptides was washed twice with 250 L of a 0.1% formic acid solution and eluted with 
750 L of 75% acetonitrile, 24.75% water, 0.25% formic acid. The eluted peptides were 
dessicated using a vacuum centrifuge. For analysis, the digests were reconstituted in 100 L of 
100 mM ammonium acetate in 50/50 acetonitrile/water with 1% formic acid.  
 
6.2.3 Device Preparation and Operation.  
The APS-PEG450 surface coating was used for this analysis and applied according to the 
procedures in Appendix 2. Bulk fluid flow for sustaining ESI was supplied via electroosmotic 
pumping. An aqueous solution of 50/50 acetonitrile/water with 1% formic acid was used for all 
analyses. CE-ESI devices were operated by applying and controlling voltages as described in 
Appendix 3. For analysis using HD injections, +20kV and +1.5kV were applied to reservoirs 1 
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and 4, respectively, which resulted in a field strength of approximately 685 V/cm. The samples 
were injected at 2 psi. Gated EK injections were performed using the voltages in Table 6.1.  
 
6.2.4 Data Analysis.  
MS analysis was performed using a Waters Synapt G2 quadrupole time-of-flight mass 
spectrometer (Waters Corporation, Milford, MA) operated in sensitivity mode with the source at 
105 °C. Data were acquired with a 0.1 s scan time. MS/MS analysis of the peptides was achieved 
using a process specific to Waters instrumentation called MSE. A collision energy of 32 was used 
for the high energy fragmentation. Processing of the MassPrep phosphorylase b digestions was 
performed using Biopharmalynx 1.3.2 (Waters Corporation, Milford, MA) and processing of the 
Lys-C enzymatic digestions was performed in Proteinlynx Global Server (PLGS) 3.0 (Waters 
Corporation, Milford, MA). A minimum of 3 fragments was required for positive peptide 
fragment identification with the false discovery rate set to 4.  
 The Waters MSE approach differs from other types of MS/MS analysis in that all of the 
ions entering the collision cell are fragmented rather than isolating certain parent ions for 
fragmentation. This involves alternating the data acquisition between low and high fragmentation 
energies and then matching the parent ions to their fragments based on chromatographic peak 
shape. The acquisition rate is, therefore, a critical component of data acquisition and 
interpretation. There must be enough low and high energy data points to achieve sufficient signal 
for the parent and fragment ions, and to fit the ions to a peak in the separation. The widths of 
RPLC peaks (~10-15 seconds) are well aligned with the timescale of an MSE experiment, but the 
narrow peaks of a microfluidic CE separation (<5 seconds) challenge the acquisition rate of the 
MS instrument.  
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6.3 Results and Discussion 
6.3.1 Comparison between gated EK and HD injection.  
As mentioned in Chapter 1, a limitation of gated electrokinetic injections is 
electrophoretic mobility based bias. For samples with analytes that span a wide range of 
electrophoretic mobilities, this can be a significant issue. This bias is more evident when gated 
EK injections are compared to hydrodynamic flow based injections, which are not subject to 
electrophoretic mobility based bias. Figure 6.3 correlates the peak areas for amino acids injected 
electrokinetically (PeakAreaEK) and hydrodynamically (PeakAreaHD) to migration time. By 
plotting the areas as a ratio (PeakAreaEK/PeakAreaHD) versus migration time the bias of the EK 
injection can be assessed. A slope close to zero would indicate little bias in the injection. The 
slope of the points is negative, however. While the ratio for the most mobile amino acid is close 
to 1 (indicating that the amounts injected are relatively similar) as the mobility of the amino 
acids decreases, the ratios steadily decrease to approximately 0.2. Thus, significantly less of the 
lower mobility amino acids are injected using a gated EK injection.  
A more extreme case of bias is seen with the gated EK injections when the conductivity 
of the sample matrix is significantly higher than that of the BGE. As mentioned in the 
introduction, conductivity mismatches between the sample matrix and separation BGE have 
often been exploited to perform concentration enhancement. Typically, this involves using a 
BGE that is of higher conductivity than the sample matrix. When voltage is applied sample ions 
focus at the boundary of the two solutions until the conductivity of the focused band matches that 
of the BGE.18,20 However, due to the need to maintain MS ionization efficiency and 
compatibility, CE-MS BGEs are often of lower conductivity than those used with fluorescence or 
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optical detection methods thus limiting the practical range of BGE conductivities. This often 
creates a situation opposite to that of many concentration enhancement techniques. When 
derived from physiological solutions, the sample conductivity can be much higher than that of 
BGE due to salt ions, such as sodium and phosphate. These are generally at a higher 
concentration than the analyte ions and also have a higher electrophoretic mobility. Figure 6.4a 
depicts what happens when a gated EK injection is attempted with a high conductivity sample. 
To mimic the presence of salts from a physiological sample 100 mM NaCl was added to the 
amino acid sample. Very little of the amino acids are injected, but a large band of sodium is 
detected (as sodium formate clusters) indicating that these sample matrix ions are preferentially 
injected. Without further processing to desalt the sample, this is an unsuitable approach. 
However, since there is no bias when the sample is injected hydrodynamically, all of the amino 
acids are injected and easily detected (Figure 6.4b). The sodium is still present but it is well 
resolved from the analyte ions so as not to interfere. Thus, a HD injection strategy can facilitate 
the analysis of biological samples that have inherently high levels of salts without the need for 
additional desalting steps. Additionally, it shows the feasibility of some concentration 
enhancement techniques not possible with the gated EK injection method. 
 
6.3.2 Utilizing tITP as a concentration enhancement technique for microfluidic CE-MS  
Another limitation regularly encountered with gated EK injections is limited loading 
capacity due to the small channel sizes. For certain applications, such as bottom-up proteomics, 
this impedes the analysis quality since sufficient signal intensity is required for successful 
peptide identification. Figure 6.5 shows the separation of a MassPrep tryptic digest of the protein 
phosphorylase b using a gated EK injection. The black trace shows the low energy analysis 
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separation with no fragmentation and the red trace was collected at high collision energy to 
fragment the peptides for identification. While the efficiency of the separation is very high (black 
trace), the low signal intensity for the peptide fragments analyzed under MSE conditions makes 
identification problematic. In fact, a sequence coverage of only 35% was obtained through this 
analysis. A larger sample plug can be injected but at the cost of reduced performance levels as 
band broadening decreases the separation resolution between the peptide fragments. Figure 6.6 
shows the relationship between the average injection volume, sequence coverage, and peak 
capacity for analyzing the phosphorylase b digestion using gated EK injections. Peak capacity is 
a metric used for describing the ability of a technique to separate a complex mixture. It is based 
on the average width of the peaks at base or half height and the separation window, and roughly 
defines how many peaks can be separated within the separation window. In this work peak 
capacity is calculated using the following equation 
 
 
nc = 1 +
FWHH̅̅ ̅̅ ̅̅ ̅̅ ̅
tfinal − tinitial
 (6.15) 
 
where FWHH̅̅ ̅̅ ̅̅ ̅̅ ̅ is the average peak width at half height and tfinal and tinitial are the first and last 
eluting analytes that define the separation window. The peak capacity decreases with increasing 
injection volume and the maximum sequence coverage obtained is still only 71%. With this 
analysis strategy, injecting even more sample would simply result in broad, unresolved peaks 
that would be difficult to identify using proteomics software. 
 As mentioned above, a major advantage of the HD injection method is that concentration 
enhancement and analyte focusing techniques can be more easily incorporated onto the 
microchip format. To take advantage of the tITP effects, the conductivity of the sample must be 
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higher relative to that of the BGE. This can be done by adding a salt, such as ammonium acetate, 
or relying on the innate salt content of the sample, such as with physiological solutions. To 
evaluate the impact of utilizing tITP, a standard peptide mix was analyzed with and without a 
salt added to the sample solution. Figure 6.7 shows the results obtained with increasing injection 
volumes for peptides diluted in BGE and peptides diluted in BGE with 100 mM ammonium 
acetate added. As seen in Figure 6.7a, increasing the injection volume when the sample is diluted 
in BGE quickly results in significant band broadening due to the large size of the injection plug. 
When tITP is employed, however, by adding100 mM ammonium acetate to the sample matrix, 
the results are starkly different. As evident in Figure 6.7b, the efficiency of the separation is 
maintained despite the increase in injection volume and a much higher signal intensity is also 
achieved. This is due to the focusing effects of tITP. The high conductivity of the sample plug 
and the resulting low field strength in the plug region cause the analyte ions to focus into a 
narrow band on the trailing boundary between the BGE and sample plug (Figure 6.2). These 
effects can be easily visualized by plotting the width at half height in relation to the injection 
volume. Figure 6.8 shows the relationship between the width at half height and injection volume 
for three of the seven peptides in the mixture. Without the focusing effects of tITP, the peaks 
broaden rapidly as the injection volume increases (circles). When tITP is taken advantage of, the 
peak widths remain relatively constant despite increasing the injection volume (diamonds).  
 A noticeable effect of tITP is an increase in migration times with increasing injection 
volume due to the duration of the focusing step. During the focusing step, the high mobility salt 
ions migrate out of the high conductivity region. This process continues until the local 
conductivity matches that of the bulk BGE and the focused analyte ions separate via zone 
electrophoresis. As the injection volume increases, the time to match conductivities also 
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increases. Experimentally, we have seen that both the injection volume and the conductivity 
difference between the sample and BGE affect the delay in migration time. Further experiments 
are needed to better characterize this phenomenon.  
To determine the effect tITP has on the performance of bottom-up mapping, the 
MassPrep phosphorylase b digest was analyzed again. The digest was diluted with 100 mM 
ammonium acetate in 50/50 acetonitrile/water with 1% formic acid. Figure 6.9 shows the 
relationship between injection volume, sequence coverage, and peak capacity when tITP is used. 
Because a greater amount of sample is injected without a significant loss in separation efficiency, 
a higher overall signal intensity is realized and improved peptide identification. The microfluidic 
CE-MS separation of approximately 6.5 nL of phosphorylase b digest is provided in Figure 6.10. 
The top trace shows the low energy peptide analysis and the bottom trace is the high energy 
fragmentation electropherogram. The signal obtained for the fragmented peptides is significantly 
better than what was achieved without tITP (Figure 6.5). This results in more confident 
identification of the peptides and a higher degree of sequence coverage.  
 
6.3.3 Evaluation of microfluidic CE-MS for mapping an IgG-2 mAb 
To assess the performance of microfluidic CE-MS bottom-up mapping for 
biopharmaceuticals an IgG-2 mAb was digested with Lys-C using a digestion protocol provided 
by collaborators at Biogen. The digestion was reconstituted with a 100 mM ammonium acetate 
in 50/50 acetonitrile/water with 1% formic acid BGE. A 2.14 nL injection of the digest resulted 
in the electropherogram in Figure 6.11. The analysis was complete in less than 10 minutes with a 
peak capacity of 172. The data was processed using PLGS and sequence coverages of 95.8% and 
95.1% were obtained for the LC and HC, respectively.  
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Table 6.2 lists the detected peptides from the microfluidic CE-MS analysis. There were 
several theoretical peptides that were not identified by PLGS, but masses that agree with most of 
the missing peptide fragments can be found in the raw data. These species are denoted by an 
asterisk in the CE migration time column. Thus, these peptide fragments were present in the 
microfluidic CE-MS separation, but were not properly identified by the software. Also of note 
are the number of peptides detected in the microfluidic CE-MS data that bear either oxidized or 
deamidated residues. Because the digestion protocol provided by Biogen relied heavily on MS 
incompatible components (TRIS buffers, guanidine, etc.) the digest solutions were processed via 
SPE to remove these components and then reconstituted in BGE with ammonium acetate. It is 
likely that this process artificially induced these degradation products in the peptides. 
Fortunately, this problem can be assuaged by using digestion buffers and components that are 
MS compatible, such as ammonium bicarbonate buffer and Waters Rapigest surfactant. 
 Overall, the analysis of the Lys-C digested mAb via microfluidic CE-MS resulted in a 
sequence coverage of greater that 95%. The analysis was complete in less than 10 minutes, 
which is approximately 6x faster than the RPLC-MS method used by collaborators. While this 
technology may not replace RPLC-MS for performing in-depth characterization of biomolecules, 
the speed at which this type of data can be collected potentially makes this method amenable to 
high throughput characterization.   
 
6.4 Conclusions 
The work presented here demonstrates the advantages of incorporating tITP into 
microfluidic CE-MS methods. Using the well-established gated EK injection technique for 
analysis has significant limitations in terms of sample loading and the composition of the sample 
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solution. If the sample conductivity is significantly higher than that of the BGE, little of the 
analyte ions are injected as the bias favors small, high mobility salt cations. Using the HD 
injection technique to perform tITP circumvents this limitation by performing an unbiased 
injection and utilizing the high conductivity of the sample solution to achieve analyte focusing 
and concentration enhancement. Thus, a very large sample volume can be injected with little 
effect on the efficiency of the CE separation. This approach increased the success of bottom-up 
mapping experiments performed via microfluidic CE-MS. For a commercially available 
phosphorylase b tryptic digest standard, the sequence coverage increased from a maximum of 
~75% with gated EK injection to 85% with tITP via HD injection. Further success was seen with 
analyzing a Lys-C digestion of an IgG-2. A sequence coverage of 95% was achieved in less than 
10 minutes. For many of the microfluidic CE-MS peptides that were not identified by the 
software, corresponding masses were detected in the raw data indicating that they were in fact 
present in the data. This suggests that bottom-up mapping with the microfluidic CE-MS system 
could be comparable to RPLC-MS analysis, but significantly faster. Further experimentation is 
needed to fully assess the advantages and limitations of the system in comparison to RPLC-MS.  
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6.5 Figures and Tables 
 
 
Figure 6.1: Bottom-up mapping workflow involving peptide separation with MS/MS analysis 
and data processing. 
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Figure 
6.2: Cartoon illustration of tITP. Analytes focus at the trailing end of the sample plug until the 
conductivity of the plug matches that of the BGE and the zone electrophoresis separation occurs.  
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Figure 6.3: Plot of the ratio of amino acid peak areas from separations using gated EK injection 
and HD injection versus migration time. The negative trend indicates that the peak areas are 
decreasing with decreasing electrophoretic mobility for the analysis using gated EK injections. 
This reflects the bias of the gated EK injection. 
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Figure 6.4: Microfluidic CE-MS analysis of high conductivity samples using a) gated EK 
injection and b) HD injection. 100 mM sodium chloride was added to the amino acid mixture. 
Using the gated EK injection very little of the amino acids are injected due to electroosmotic 
mobility bias. Using the unbiased HD injection, all of the amino acids and the sodium ions are 
detected. Note that a device with a 10 cm separation channel was used for this analysis.  
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Figure 6.5: Microfluidic CE-MS analysis of a MassPrep phosphorylase b tryptic digest using 
gated EK injection. The red trace shows the high energy fragmentation of the peptides in the 
black trace. (*) indicates peaks used to calculate peak capacity. While all marked peaks were 
used to calculate the average peak width, green asterisks define the separation window. 
172 
 
 
Figure 6.6: Relationship between peak capacity, sequence coverage, and injection volume for 
analysis of the MassPrep phosphorylase b digestion using gated EK injection. Increasing the 
injection volume improved the sequence coverage to 71%, but band broadening reduces the peak 
capacity. 
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Figure 6.7: Microfluidic CE-MS analysis of peptide standards using HD injection. a) Increasing 
injection volumes of peptides diluted in BGE. The peaks rapidly broaden with increasing 
injection volume. b) Increasing injection volumes of peptides diluted in BGE with 100 mM 
ammonium acetate added to take advantage of tITP. The focusing effects of tITP preserves the 
efficiency of the CE separation despite the increase in injection volume.   
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Figure 6.8: Plot of the FWHH versus injection volume for three of the peptides in the standard 
mixture. Without focusing (circles), the peaks broaden quickly, but with focusing (diamonds) the 
width remains fairly constant with increasing injection volume.  
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Figure 6.9: Relationship between peak capacity, sequence coverage, and injection volume for 
analysis of the MassPrep phosphorylase b digestion using HD injection with tITP. A higher 
degree of sequence coverage is obtained using this approach than with gated EK injection even 
though the peak capacity of the separation decreases due to compression of the separation 
window.    
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Figure 6.10: Analysis of MassPrep phosphorylase b using HD injections with tITP. The signal 
obtained for the fragmented peptides (red trace) is significantly higher than that obtained from 
gated EK injection. This facilitates the identification of the digest peptides and increases the 
sequence coverage. (*) indicates peaks used to calculate peak capacity. While all marked peaks 
were used to calculate the average peak width, green asterisks define the separation window. 
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Figure 6.11: Microfluidic CE-MS analysis of a Lys-C digestion of a biotherapeutic mAb. The 
bottom electropherogram shows the high energy fragmentation of the digestion peptides. This 
analysis was complete in less than 10 minutes and resulted in a sequence coverage of 
approximately 95%. (*) indicate peaks used to calculate peak capacity. While all marked peaks 
were used to calculate the average peak width, green asterisks define the separation window. 
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Table 6.1: Voltages applied to perform gated EK injections. 
 
Table 6.2: Identified peptides from the microfluidic CE-MS analysis of a Lys-C digestion of a 
biotherapeutic mAb. 
Peptide ID Start Residue End Residue CE Migration Time 
KH1 1 43 3.59 
KL1-KL2 1 42 4.36 
KH1(pQ) 1 43 /* 
KH1, 1 oxidation M34 1 43 3.60 
KL1-KL3 1 45 3.85 
KL1-KL3, oxidation M4 1 45 3.88 
KH2-KH3 44 58 3.88 
KH2 44 57 5.34 
KL4 46 103 7.77 
KH3-KH4 58 65 /* 
KH4 59 65 4.32 
KH4-KH5 59 76 2.94 
KH5 66 76 2.93 
KH6 77 116 3.20 
KH6, oxidation M35 77 116 3.22 
KH6, oxidation M7 77 116 3.25 
KH6, oxidation M7, M35 77 116 3.26 
KH6, deamidation N8 77 116 3.52 
KH6, deamidation N1, oxidation M7 77 116 3.54 
KL5 104 107 /* 
KL6 108 126 4.42 
KL6-KL7 108 145 3.95 
KL6-KL7, glycation 108 145 4.02 
KH7 117 128 4.87 
KH7-KH8 117 140 4.69 
KL7 127 145 4.23 
KH8 129 140 4.84 
KH9 141 154 4.93 
KL8 146 149 /* 
  
Applied Voltage 
(kV) 
  Gate Inject 
S 20 20 
B 20 19 
SW 18 19 
EO 2 2 
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KL9 150 169 6.71 
KH10-KH11 155 217 5.28 
KH10-KH11 155 212 /* 
KL10 170 183 6.18 
KL11 184 188 /* 
KL12-KL13 189 207 3.19 
KL13 191 207 4.10 
KL14 208 214 4.04 
KH13 221 225 /* 
KH15-KH16 230 255 3.95 
KH17, 1 oxidation 256 281 4.49 
KH17 256 281 4.53 
KH17-KH18, deamidation N38 256 281 3.20 
KH17-KH18, deamidation N28 256 281 3.36 
KH17-KH18, deamidation N28 256 281 3.85 
KH17-KH18 256 281 3.92 
KH18 282 295 3.85 
KH19-KH20+BiNA0-1Gal 296 324 3.64 
KH19-KH20+BiNA0 296 324 3.78 
KH19-KH20+BiNA0-2Gal 296 324 3.64 
KH19-KH20+BiNA0-2Gal-GlcNAc 296 324 3.64 
KH19-KH20 296 324 3.17 
KH19-KH21 296 327 3.03 
KH19-KH20, deamidation N9 296 324 3.09 
KH24 334 341 4.12 
KH25 342 345 /* 
KH27 346 367 3.29 
KH27, glycation, oxidation M20 346 367 4.69 
KH27-KH28, oxidation M18 348 367 3.68 
KH27-KH29 348 367 3.71 
KH28 368 377 4.54 
KH28-KH29 368 399 5.60 
KH29 378 399 6.97 
KH29-KH30 378 416 3.13 
KH30 400 416 6.02 
KH31 417 421 /* 
KH31-KH32 417 446 3.02 
KH31-KH32, oxidation M19 417 446 3.05 
KH32 422 446 3.00 
KH32, oxidation M14 422 446 3.04 
KH33 447 453 7.17 
*indicates peptides that were not identified by PLGS, but corresponding masses were detected in 
the processed data. 
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7 CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 
 
7.1 Summary of Work  
The aim of this work was to develop and optimize a microfluidic CE-MS platform for the 
separation and characterization of intact mAb based biotherapeutics. Maximizing the separation 
resolution between protein variants in the CE domain was vital to the success of this type of 
analysis. By developing unique surface chemistry to treat the microfluidic channels, a MS 
compatible system for analyzing intact proteins was created.  
 A covalently bound two-layer surface coating based on an aminopropylsilane (APS) and 
polyethylene glycol (PEG450) reagent was developed specifically for enhancing resolution 
between protein variants. This coating was selected because it suppresses the electroosmotic 
flow (EOF) to near zero, which should increase the separation resolution. Additionally, this 
coating proved effective in preventing protein adsorption to the channel wall further improving 
the separation. Initially, the utility of this approach was demonstrated by analyzing abundant 
blood proteins from whole blood lysate. Intact protein charge variants differing by as little as 1 
charge unit were separated. This facilitated the quantitation of hemoglobin and albumin 
glycation in whole blood. The calculated levels of glycated hemoglobin agreed with HbA1c 
levels measured using a commercial HbA1c immunoassay. Coupling this analysis to high 
pressure mass spectrometry detection could lead to clinical applications for the CE-MS device.   
The success of the HbA1c analysis suggested that microfluidic CE-ESI devices treated 
with the APS-PEG450 coating could potentially achieve separation of intact charge variants of 
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larger proteins. The large degree of EOF suppression generated with the APS-PEG450 coating 
meant that many of the complex, MS-incompatible buffer additives used to achieve separation of 
mAbs with CE-UV systems could be eliminated. This lead to a simple and MS compatible BGE 
of 10% 2-propanol 0.2% acetic acid that preserves some of the mAb structure in solution. This 
proved vital to achieving separation of the mAb charge variants. The applicability of the 
proposed method was demonstrated by analyzing biotherapeutic mAbs and antibody drug 
conjugates (ADCs). ADCs exhibit additional heterogeneity due to the conjugation of a smaller 
molecule drug load attached to the mAb structure. Having the CE separation prior to MS analysis 
not only reduces the necessary resolving power of the MS instrument, it provides two criteria to 
facilitate identification of variants: electrophoretic mobility shifts and mass shifts. With analysis 
times of less than 5 minutes, the microfluidic CE-MS platform is also significantly faster than 
other separation techniques developed for analyzing mAbs and ADCs. 
 Utilizing similar analysis conditions to those optimized for analyzing the blood proteins, 
the light chains (LC) and heavy chains (HC) of biotherapeutic mAbs and ADCs were analyzed 
using a middle-up approach. This is a common characterization strategy that involves reducing 
and alkylating the disulfide bonds of the molecules to obtain more site-specific information 
about the modifications to the mAb structure. This approach proved particularly useful for 
characterizing an especially complex mAb. The mAb was engineered to have multiple 
glycosylation sites that also became sialylated. Intact analysis did not generate sufficient 
resolution between the charge variants, but after reduction and alkylation several charge variants 
of the HC were separated that corresponded to different levels of glycan sialylation. Over 16 
different variants of the mAb LC and HC were detected with the CE separation and mass 
information combined. This middle-up strategy provides an additional level of mAb 
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characterization than can be accomplished using the same microfluidic CE-ESI device used for 
intact analysis. Like the intact microfluidic CE-MS characterization, this analysis is also 
accomplished very rapidly with analysis times of less than 5 minutes.  
 Although the APS-PEG450 surface coating was developed for performing high efficiency 
intact protein separations, it has also proven useful for analyzing small molecules and peptides. 
The development of a hydrodynamic (HD) injection strategy to perform transient 
isotachophoresis (tITP) significantly improved the quality of smaller molecule analysis by 
injecting larger amounts of sample without experiencing a loss of separation efficiency. This 
made adding an additional level of mAb characterization feasible: bottom-up peptide mapping. 
Utilizing tITP for analyzing protein digests increased the achieved sequence coverage for a 
phosphorylase b tryptic digest from <71% to 85%.  The performance of the microfluidic CE-MS 
system for bottom-up mapping was further evaluated by analyzing a Lys-C digestion of a 
biotherapeutic mAb. A sequence coverage of approximately 95% was achieved. When compared 
to results from LC-MS analysis, 82% of the peptides detected in the LC-MS data were also 
detected in the microfluidic CE-MS data. However, the microfluidic CE-MS analysis was 6 
times faster.  
 The work presented here describes the development of a microfluidic CE-MS system 
capable of separating and analyzing both small and large intact proteins, peptides, and small 
molecules. Successful demonstrations of intact charge variant separation, middle-up analysis of 
LC and HC, and bottom-up peptide mapping of biotherapeutic mAbs were shown. Thus, multiple 
levels of biotherapeutic mAb characterization can be achieved using the same device. The 
rapidity with which analysis is completed suggests that these methods could potentially be 
impactful in a high throughput environment or industrial setting where measurements are tied to 
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time sensitive processes. Overall, the flexibility of this platform indicates that it can be useful for 
many different applications outside of what is presented here. 
 
7.2 Future Directions 
Future work involving the microfluidic CE-MS platform can span many areas ranging 
from intact protein separations to metabolomics. Initially, there are still avenues that can be 
explored to further improve the intact mAb separations and assess the utility of the application in 
a real-world setting. Some preliminary work in the area has been done through a collaboration 
with Biogen Idec. While mAbs-based therapies receive a large amount of focus there are smaller 
proteins and peptides that have been developed to treat various conditions, such as clotting 
factors, interferons, and erythropoietin.1 The microfluidic CE-MS platform has proven effective 
for analyzing smaller proteins (<50 kDa) and would most likely be a significant asset to this class 
of therapies. Additionally, the bottom-up mapping analysis can be expanded to related 
techniques, such as hydrogen deuterium exchange (HDX) analysis. Finally, an overarching 
theme that is developing in the Ramsey lab is microfluidic CE-ESI integration with the 
miniaturized MS prototypes. It is possible that with further optimization the intact protein 
separations could be successfully integrated with the miniaturized MS units to create a system 
that could be deployed in areas where a conventional MS is inappropriate.  
 
7.2.1 Further characterization and optimization of intact mAb separations 
Intact mAb separation is perhaps the most unique capability of the microfluidic CE-MS 
system and additional work in this field could take several paths. The method should be further 
evaluated for real world applications of intact mAb separations. Some preliminary work in this 
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area has been done through a collaboration with Biogen Idec. With this project, the technology 
was evaluated from a manufacturing point of view to determine if it could detect anomalies 
during mAb production and purification. These anomalies could manifest as additional charge 
variant peaks or changes in the distribution of existing charge variants or glycoforms. Samples 
were taken at various manufacturing stages from the bioreactor to the final drug product. Figure 
7.1 shows the intact charge variant separation of the biotherapeutic mAb at these stages in the 
manufacturing process. The only sample preparation needed was dilution of the mAb solution to 
an appropriate concentration using the separation BGE. For this sample set, no significant 
changes in the mAb were detected indicating a well-controlled and stable purification process. 
This preliminary work demonstrates that the microfluidic CE-MS platform could be an asset 
during mAb production due to the speed and ease of analysis.  
While the method presented here for analyzing intact mAbs produces nearly baseline 
resolved charge variant separations, it is possible that the separation resolution could be 
improved further to match that of isoelectric focusing. Recently, devices were fabricated with a 
35 cm separation channel in an attempt to improve the separation resolution. Figure 7.2 
compares the separation generated using a device with a 23 cm separation channel and a 35 cm 
separation channel. It was found that the increase in channel length increased the resolution 
between charge variants by a factor of approximately 1.5 though at the cost of longer analysis 
times. Further improvements in resolution with even longer channels are possible but 
instrumental concerns, namely using higher voltages to maintain electric fields may limit the 
usable separation length. An alternative to lengthening the separation channel is to alter the 
separation BGE. Analyzing proteins under native conditions using native-spray-MS has become 
a very common technique for characterizing proteins via MS. These experiments involve 
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infusing the protein in 100 – 200 mM ammonium acetate at pH 4-6. Operating in this pH range 
could enhance the differences in net charge between mAb and ADC variants and increase the CE 
separation resolution.  
7.2.2 Analysis of other biotherapeutic proteins 
While mAbs and ADCs receive a significant amount of attention in the 
biopharmaceutical industry there are also other types of biomolecules used therapeutically, such 
as peptides and smaller proteins. In Chapters 2 and 5, the microfluidic CE-MS platform was 
successfully demonstrated for proteins and mAb fragments in the 15 – 50 kDa mass range. 
Therefore, the system could be extremely successful for analyzing peptide and small protein 
biotherapeutics. Figure 7.3 shows the microfluidic CE-MS separation of an ~20 kDa therapeutic 
glycoprotein. This molecule becomes highly sialylated creating an extremely heterogeneous 
population of protein glycoforms that differ in both mass and electrophoretic mobility. Some of 
the identified glycoforms of the protein are labeled with their associated glycan structure. 
Asterisks indicate deamidated glycoforms. In the CE separation alone, 35 charge variants of the 
protein as separated and detected as discrete peaks. Additional mass variants that do not separate 
in the CE domain increase this number even more.  
 
7.2.3 Optimization of hydrogen deuterium exchange analysis 
HDX is a technique used to probe the structure of intact proteins. Briefly, the protein is 
exposed to deuterium which exchanges with hydrogens in the protein backbone. Areas with high 
levels of deuterium exchange are considered to be the more solvent accessible regions of the 
protein. Typically, specialized liquid chromatography-mass spectrometry (LC-MS) systems are 
used for this technique, but HDX analysis is an area where the speed of the microfluidic CE-MS 
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analysis is an advantage.2 Initial proof of concept work utilizing microfluidic CE-MS for HDX 
determined that the efficiency and peak capacity of the CE separations was greater than that of 
the LC-MS separations and also significantly faster.3 However, this work was performed before 
HD injections and tITP were optimized and sample loading was an issue. A much higher 
concentration of protein was needed to achieve signal intensities and sequence coverages 
comparable to those of the LC-MS system. With the new injection scheme and concentration 
enhancement effects of tITP the quality of the HDX data should improve significantly due to the 
increased loading capacity. The microfluidic CE-ESI devices could then be integrated with a 
temperature controlled stage to further minimize deuterium back exchange. This could 
potentially create a system that excels over LC in all aspects of HDX analysis.  
 
7.2.4 Integration with miniaturized MS 
 A continuing focus within the Ramsey group is interfacing microfluidic CE separations 
with the miniaturized mass spectrometers. Over the past four years, a significant amount of 
progress has been made in developing and ESI compatible interface for the miniaturized MS 
systems. This provides the capability to sample non-volatile analytes ions that are generated 
through ESI. Metabolite analysis is very well suited for integration with the miniaturized MS 
because an appropriate mass range is achieved easily using voltages within practical 
experimental limits. Using a microfluidic CE-ESI method optimized for amino acid analysis 
interfaced with a miniaturized MS, Gilliland et al. demonstrated that the consumption of 
metabolites in cell growth media could be monitored and correlated to cell growth progress.4 As 
discussed in Chapter 2, preliminary work indicated that interfacing these two systems for 
analyzing moderately sized intact proteins is possible. Thus, with further optimization it may be 
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possible to employ this type of miniaturized MS system on the manufacturing floor of 
biopharmaceutical plants as an alternative to a conventional MS. 
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7.3 Figures and Tables 
 
Figure 7.1: Analysis of a biotherapeutic mAb at various stages of production and purification. 
   
191 
 
 
 
Figure 7.2: Intact charge variant separations via microfluidic CE-MS using a) a device with a 23 
cm separation channel and b) a device with a 35 cm separation channel.  
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Figure 7.3: Microfluidic CE-MS analysis of a ~20 kDa biotherapeutic glycoprotein. Some 
identified glycoforms are labeled with their respective glycan structures. (*) indicates a 
deamidated glycoform of the protein. 
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APPENDIX 1: DEVICE FABRICATION 
 
Standard photolithography and wet chemical etching techniques were used to fabricate 
the CE-ESI and infusion devices. Planar 5”x5” glass substrates were used to fabricate the 
devices. The type of glass used was either 0.5 mm thick B270 glass (Perkin Elmer, Waltham, 
MA) or 0.55 mm thick D263 glass (Telic Co., Valencia, CA). The wafers were purchased pre-
coated with a layer of chrome and AZ1518 positive photoresist. Device designs were transferred 
to the glass substrates using a borosilicate mask made in house and photo exposure at 365 nm. 
The exposed photoresist was developed with AZ 400K developer (Integrated Micro Materials, 
Argyle, TX). Exposed chrome was removed using Chrome Etchant 1020 (Transene Company, 
Inc., Danvers, MA) and the device channels were etched into the glass using a HF based buffered 
oxide etchant (BOE) diluted 1:10 with water. For the D263 glass substrates the etching process 
was performed at approximately 100 °C. Channels were etched to a depth of approximately 10 
µm. Due to the isotropic nature of the etching process this results in channel widths of 
approximately 70 µm and 25 µm around the tapering of the turns in the separation channel. Inlets 
to the channels were formed by powder blasting holes through the glass substrate at the channel 
termini. The remaining photoresist and chrome was removed and a blank 5”x5” substrate was 
fusion bonded to the etched substrate at 550 °C to form enclosed channels. This results in a total 
thickness of 1.0 mm or 1.1 mm depending on the glass type. The integrated ESI emitter was 
formed by dicing the corner of the device to 90° using a precision dicer (Disco Technologies, 
Santa Clara, CA). The edges of the corner containing the ESI emitter were polished to remove 
dicing artifacts using 3 m cerium oxide abrasive lapping paper and a lapping wheel (Ultra Tec, 
Santa Ana, CA). Buffer reservoirs were formed by attaching 8-mm diameter glass cylinders to 
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the devices with chemically resistant epoxy (Loctite E-120HP, Henkel Corporation, Germany). 
The fluid capacity of the reservoirs is approximately 200 µL.  
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APPENDIX 2: COATING PRODECURES FOR CE-ESI DEVICES 
 
Amiopropylsilane coating 
CE-ESI and infusion devices are coated with APDIPES via chemical vapor deposition 
(CVD) as described previously.38 Using this strategy multiple devices can easily be coated at one 
time without deleterious effects on coating quality. Briefly, using a commercial CVD system 
devices are exposed to the silane reagent under vacuum and at elevated temperatures to ensure 
volatilization of the reagent. The devices are incubated with the volatilized reagent for ~15 
minutes and then the reaction chamber is purged with nitrogen. This process is repeated twice 
more for a total coating time of about 45 minutes.  
 
PEGylation of APS coating for protein applications 
For the separation devices, the injection cross and separation channels are covalently 
coated with NHS-PEG450 through liquid phase PEGylation. For infusion devices, the same 
PEGylation procedure is used on just the shorter sample channel. A 10 mg/mL solution of NHS-
PEG in 100 mM phosphate buffer (pH 7.5) is put in reservoirs 1-3. Flow is maintained through 
the channels by the application of suction to the ESI emitter and ~50 psi of head pressure to the 
S, SW, and B reservoirs. Head pressure is applied to the reservoirs via an in-house built 
apparatus (Figure A2.1). To create an electroosmotic pump, the EO pump channel is not 
PEGylated. The difference between the strong anodic EOF of the EO pump channel and the 
weak EOF of the PEGylated separation channel results in pressure-driven flow out of the ESI 
emitter when voltage is applied to the device. With the low EOF surface coating in the separation 
channel, the integrated electroosmotic pump is vital to the successful formation of analyte ions; 
the pumping channel provides continuous fluid flow that is necessary for maintaining stable and 
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sensitive ESI. A consequence of this is that EOF generated in the pumping channel must be high 
enough to sustain ESI at the emitter so the field strength and BGE composition must be selected 
to ensure this. Once the PEGylation process is complete, excess PEG reagent is rinsed from the 
channels with DI water by thoroughly rinsing all solvent reservoirs and then applying suction to 
the ESI emitter for 20 min. After the coating procedures are complete, 5 µL of trichloro-
(1H,1H,2H,2H-perfluorooctyl)-silane is applied to the ESI emitter to increase the hydrophobicity 
of the external surface and facilitate ESI. Excess reagent is removed with suction, the liquid is 
removed from device channels with suction at the tip, and the surface is cured at room 
temperature for approximately 10 minutes.  
Recently, a modification of this coating procedure has been used where all of the 
channels of the separation device are coated with the NHS-PEG reagent. In doing this, an 
electroosmotic pump is not created. Instead, ~2 psi of head pressure is applied to reservoir 4 to 
generate bulk fluid flow for sustaining ESI. This has advantages over the electroosmotic pump 
strategy in that the volumetric flow rate is not dependent on the EOF that results from the applied 
field strength or BGE composition. Thus, with pressure driven pumping there is more flexibility 
in the experimental parameters because the analysis conditions are not tied to the need to 
generate a certain level of EOF in the pumping channel.  
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Figure A2.1: In-house built coating 
apparatus. The microfluidic CE device is 
sandwiched between the PEEK plate and 
metal bottom using through screws. The 
PEEK piece is plumbed to deliver gas 
pressure individually to reservoirs 1-3 of the 
device. A viton gasket on the bottom of the 
PEEK piece insures a gas tight fit.  
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APPENDIX 3: CE-MS DEVICE OPERATION 
 
Voltage and Pressure Control 
CE-ESI and infusion devices are operated by applying voltage to the solvent reservoirs 
via platinum wire electrodes. The electrodes are powered by an in-house built power supply 
containing five UltraVolt modules (Ronkonkoma, NY): Three 0 to +35 kV modules to power 
reservoirs S, B, and SW and two 0 to +10 kV modules to power the EO reservoir and the ESI 
shield electrode. The voltage output of the power supply is controlled via a custom LabVIEW 
(National Instruments, Austin, TX) program. Devices are positioned in front of the inlet of the 
mass spectrometer using a custom built stage as depicted in Figure A3.1. A shield electrode 
fabricated from single-sided copper clad circuit board (M.G. Chemical, Burlington, Ontario, 
Canada) is used to isolate the ESI emitter from the electric field generated by the high voltages 
powering the CE-ESI device. Throughout analysis +500 V is applied to the shield electrode. Data 
acquisition is accomplished through MassLynx (Waters Corporation) or Xcalibur (Thermo 
Scientific) software, which is triggered through the LabVIEW program used to control the power 
supply output. 
 
Operation of Infusion Devices 
Infusion-MS devices such as those pictured in Figure A3.2 mimic the use of a syringe 
pump and pulled tip ESI emitter. The devices are operated by applying approximately +5 kV to 
the sample reservoir and 0 kV to the BGE reservoir. Upon voltage application the different 
surface coatings in the two channels create an electroosmotic pump that continuously provides 
bulk fluid flow for ESI at a rate of 100-200 nL/min. Sample can be placed in one or both of the 
reservoirs and continuously migrates toward the ESI emitter while voltage is being applied.  
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Electrokinetic Injection 
The typical voltage states used for operating 23 cm APS-PEG450 coated devices are given 
in Table A3.1. Injection of the sample is performed by switching the voltage profile from the 
gated state to the injection state for 200 ms and back again. The amount of sample injected can 
be controlled by altering the amount of time the voltages are in the inject state. This injection 
strategy is rapid, easy to control, and useful for many applications. However, it is not tolerant of 
samples with much higher conductivity than the BGE, such as those with physiological levels of 
salts, and desalting sample preparation techniques must be used to make such samples 
compatible. Additionally, this injection method is biased based on the mobility of the analytes; 
less of the low mobility analytes are injected. This can become problematic if there is a wide 
range of analyte mobilites in the sample.  
 
Hydrodynamic Injection 
A pressure based injection scheme can also be used for sample manipulation and 
injection. Hydrodynamic injections are not subject to electrokinetic bias as and can be used for 
samples with much high salt content, reducing the amount of sample preparation needed for 
analysis. For this injection strategy voltage is applied to only two reservoirs: the top BGE 
reservoir and terminal EO pump reservoir. Typical separation voltages for 23 cm APS-PEG450 
coated devices are +20 kV (BGE reservoir) and +2 kV (EO pump reservoir), but can be 
optimized for specific applications. Three way valves (Clippard, Cincinnati, OH) are used to 
precisely control the application and release of ~2 psi of gas pressure to the device. The valves 
are operated using the same LabView program that controls the power supply. Pressure 
connections to the reservoirs are made in house using Teflon tubing. Injection of the sample is 
performed by applying head pressure to reservoirs 1 and 2 simultaneously for the desired 
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duration. Pressure is then applied to only reservoir 1 for 500-1000 ms to isolate the sample plug 
in the separation channel and clear sample from the side channels leading to the sample and 
sample waste reservoirs. Voltages are then applied to reservoirs 1 and 4 to perform the CE 
separation and generate ESI. The injection volume can be controlled by altering the time that 
pressure is applied to reservoirs 1 and 2 or by increasing or decreasing the applied pressure. For 
some applications it may be necessary to apply a small head pressure (~0.5 psi) to reservoir 1 
during analysis to isolate the sample and sample waste in their respective reservoirs. Figure A3.3 
provides the flow rates in the separation channel resulting from the application of various head 
pressures to the reservoirs. Data for this plot was generated using a device with a 23 cm 
separation channel and a 50/50 acetonitrile/water BGE. Flow rates for both the “injection” and 
“isolation” configurations are provided. This plot can be used to calculate injection volumes for 
other 23 cm devices when BGEs of similar viscosity are used. If the BGEs differ significantly in 
viscosity, it is possible that a correction factor could be used to account for this.  
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Figure A3.1: Photograph of a microfluidic CE-ESI device positioned in front of the Waters LCT-
Premier inlet. 
 
 
Figure A3.2: Channel schematic for infusion-ESI devices. 
 
 
b)
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Figure A3.3: Volumetric flow rate versus applied pressure for performing hydrodynamic fluid 
manipulation on microfluidic CE-MS devices with a 23 cm separation channel and 50/50 
acetonitrile/water based BGE.  
Table A3.1: Representative voltage scheme for sample handling on the CE-ESI device. 
 
  
Applied Voltage 
(kV) 
  Gate Inject 
S 18 18 
B 18 17 
SW 16 17 
EO 2 2 
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APPENDIX 4: INSTRUMENT SETTINGS FOR INTACT ANTIBODY ANALYSIS 
 
 The optimal ion transfer parameters for large, intact proteins are often very different than 
those needed for small molecules or peptides. However, most commercial mass spectrometers 
have been optimized for the size range needed for bottom-up proteomics due to the popularity of 
this technique in many areas of research. This makes analyzing intact proteins using these 
instruments difficult or impossible without adjusting the ion transfer settings or even the 
hardware of the MS instrument.1–3 Recently, some commercial instrument vendors have started 
developing MS instrumentation or upgrades that optimize the instrument for intact protein 
analysis. Some of these include the Thermo Exactive Plus with Extended Mass Range (EMR) 
mode, the qExactive with Protein Mode, and Waters qTofs with a low frequency quadrupole1, 
and a high mass Q-Tof upgrade offered by MS Vision.2 For the work presented here, the 
available MS instrumentation was limited to a Waters LCT-Premier Tof, a Waters Synapt G2 
qTof, and much later a Thermo Exactive Plus EMR. Below are the optimized ion transfer 
parameters for each instrument evaluated for intact mAb analysis.  
 
Waters LCT-Premier 
The LCT-Premier proved to generate superior performance for mAb analysis over the 
Synapt G2. This can partly be attributed to the simplicity in the ion optics of the instrument. The 
schematic of the LCT-Premier is provided in Figure A4.1 below. The LCT lacks a quadrupole so 
ion transfer is mainly accomplished through an ion guide and hexapoles.1,4 Although the mass 
resolution is modest, with the CE separation prior to MS analysis a number of species can still be 
identified. 
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Method Parameters: 
Scan duration (secs):      0.200 (can be adjusted) 
Inter Scan Delay (secs):   0.010 
Start and End Time(mins):   Variable 
Ionization mode:           ES+ 
Data type:                 Accurate Mass 
Function type:             TOF MS 
Mass range:                 Variable 
 
Instrument Parameters:  
Polarity ES+ 
Analyzer V Mode 
Sample Cone (V) 30 
Source Temp (C) 105 
Ion Guide One  180 
Aperture 1 Voltage 30 
Ion Energy (V) 100 
Aperture 2 Voltage 2 
Hexapole DC Voltage 6 
Aperture 3 Voltage 5 
Acceleration (V) 200 
Y Focus (V) 0 
Steering (V) 0 
Tube Lens (V) 190 
Attenuated Z Focus (V) 500 
Normal Z Focus (V) 65 
 
*italicized settings indicate those that seemed to have the most impact on the quality of the intact 
mAb data 
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Waters Synapt G2 
 As seen in Figure A4.2, the Synapt G2 utilizes many more ion optic components than the 
LCT-Premier. In part, this is due to the quadrupole and ion mobility spectrometry capabilities of 
the instrument. In order to optimize the ion transfer of intact mAbs, the source backing pressure 
had to be elevated from to 6-7 mbar by restricting the vacuum in that region. This had a 
significant impact on the signal intensity. However, the Synapt G2 in our lab is mostly optimized 
for performing bottom-up proteomics applications and is not equipped with a low frequency 
quadrupole. This limits the upper m/z threshold to 3000 in the quadrupole settings, so higher 
mass ions in the <4000 m/z range may not be as well transferred. As seen in Figure A4.3, despite 
optimizing the ion transfer for the intact mAbs, the Synapt G2 did not match the LCT-Premier in 
terms of sensitivity. If the instrument was equipped with a low frequency quadrupole the ion 
transfer could be further enhanced to match that of the LCT.  
 
Method Parameters: 
Scan duration (secs):      0.100 (can be adjusted) 
Inter Scan Delay (secs):   0.0240 
Start and End Time(mins):   Variable 
Ionization mode:           ES+ 
Analyzer mode: Sensitivity Mode 
Mass range:                 Variable 
 
Instrument Parameters: 
Polarity ES+ 
Analyzer Sensitivity Mode 
Source Temperature (°C) 150 
Sampling Cone 200 
Extraction Cone 10 
Ion Energy 10 
Trap Collision Energy 6 
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Transfer Collision Energy 0 
Collision Energy 4 
Backing Pressure (mbar) 7.76 
Source Pressure (mbar) 3.39x10-3 
Sample Plate Pressure (mbar) 1x10-6 
 
*italicized text indicates parameters that vary most from normal operation of the instrument for 
peptide/small molecule analysis.  
 
Thermo Exactive Plus EMR 
 The ion optics for the Exactive Plus EMR are depicted in Figure A4.4. The main 
difference between normal operation and EMR mode on the Exactive Plus is where the ions are 
trapped before entering the mass analyzer. 1,4,3  When analyzing smaller molecules, they are 
trapped in the C-trap before entering the orbitrap for mass analysis. In EMR mode, high mass 
ions pass through the C-trap and are trapped in the HCD cell which can be operated at higher 
pressures. The higher trapping pressures collisionally cools and stabilizes the ions and also 
results in more complete desolvation.3 This is vital to successfully analyzing large intact 
proteins.  
 
Method/Instrument Parameters: 
SID Energy: 80 
CE: 40 
Resolution: 17,500 
Microscans: 1 
Maximum Ion Injection Time: 50 ms 
AGC Target: 5e6  
S-lens RF: 100 
Capillary T: 200 
Trapping Pressure: 6 
C-trap Charge Detection: off 
Mass Range: 1000-3000 m/z (variable) 
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 The trapping pressure and the SID energy were determined to have the most impact on 
the signal intensity and resolution of the intact mAb mass spectra. Figure A4.5 shows the effect 
increasing the SID energy has on the signal intensity for intact mAb separations. This data was 
taken on a Thermo qExactive operating in protein mode, but the same trend follows for the 
Exactive Plus EMR. Without any SID energy, the signal intensity is very low and the charge 
state peaks of the mAb are quite wide indicating insufficient desolvation. However, as the SID 
energy is raised the signal intensity and resolution of the mass spectra drastically increases also.  
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Figures and Tables 
 
 
Figure A4.1: Ion optics of the LCT-Premier.4 RF lens 1 and 2 refer to hexapoles. The instrument 
has fairly simple ion optics which facilitates the transfer of high mass ions.  
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Figure A4.2: Ion optics of the Waters Synapt G2. The Synapt G2 has a quadrupole before the 
mass analyzer which provides the option of performing MS/MS experiments. However, if the 
quadrupole is not capable of using lower frequency RF, it can limit the transfer of high mass 
ions. 
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Figure A4.3: Comparison between the LCT-Premier and the Synapt G2 for intact mAb analysis. 
The results obtained on both instruments are similar, but the sensitivity of the Synapt G2 does 
not match that of the LCT. Although there is glycoform definition within the charge states of the 
G2 mass spectrum, some of the minor species are not detected. The insets show the raw mass 
spectra for the third main variant and a zoomed in view of the most abundant charge state in the 
spectrum. 
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Figure A4.4: Ion optics of the Exactive Plus.4 In EMR mode the ions are trapped in the HCD cell 
which is typically at elevated trapping pressures. They are then transferred to the orbitrap for 
mass analysis. 
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Figure A4.5: Effect of SID energy on signal intensity in Thermo orbitrap instruments. At 
elevated trapping pressures, the quality of the resulting mass spectra significantly increases with 
elevated SID energy. 
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